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discrete  polarized  light  beams. 

The  preliminary'1  design  and  parametric  analysis  review  was  performed 
on  the  Phase  0 Final  Report,  and  the  re-evalUation  of  this  design 
furnished  criteria  for  the  basic  design  of  the  brassboard  demon- 
stration model. 

The  detail  design  and  supporting  aralysis  for  the  brassboard 
demonstration  model  includes  electronics  and  optical  components, 
thermal  analysis,  compensation  circuitry  and  environmental  stability 
to  demonstrate  the  performance  requirements.  The  selection  of  parts, 
materials  and  processes  for  the  design  and  fabrication  were  in  accor- 
dance with  the  required  specifications. 

The  critical  component  testing  and  evaluation  was  performed  on  all 
components  identified  as  critical  to  the  sensor  operation.  These 
were  the  light  emitting  diodes,  silicon  photodetectors  and  the  angle 
sensing  crystals.  These  critical  components  were  tested  to  show 
compliance  with  the  sensor  requirements.  Testing  also  was  performed 
on  the  optical  component  s and  their  mechanical  subassemblies  to 
demonstrate  the  suitability  over  0-140  degrees  Fahrenheit  tempera- 
ture range. 

The  developmental  testing  was  carried  out  on  the  brassboard  demon- 
stration model  to  e’\,Iuate  the  capability  of  the  brassboard  system 
to  achieve  the  requirements  and  goals  of  the  sensor  specification. 

The  feasibility  of  utilizing  polarization  combined  with  the  use  of 
birefringent  crystals  for  precision  angular  measurement  was  demon- 
strated. The  brassboard  system  demonstrated  th'.t  relative  angular 
motion  in  roll,  pitch  and  yaw  could  be  performed  to  an  accuracy  of 
better  than  five  arc  seconds. 

The  polarization  concepts  utilized  in  the  program  resulted  in  an 
advancement  in  the  state  of  the  art  in  angular  measurement.  The 
non-imaging  optical  concept  resulted  in  extremely  small  optical 
systems  and  the  utilization  of  matched  angle  sensing  crystals 
permitted  translation  of  target  within  the  field  of  view  without 
developing  a tracking  error. 
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SUMMARY 

The  Optical  Angular  Motion  Sensor  (OAMS)  Program,  Phase  1,  consisted  of 
the  design,  fabrication,  test  and  analysis  of  a Triaxial  Angular  Motion  Sensor. 

A brassboard  system  was  fabricated  and  assembled.  It  included  a transmit- 
ter, a receiver  assembly  and  an  electronics  assembly.  The  alignment  information 
was  transmitted  between  the  transmitter  and  receiver  on  three  discrete  polarized 
light  beams. 

The  preliminary  design  and  parametric  analysis  review  was  performed  on  the 
Phase  0 Final  Report,  and  the  re-evaluation  of  this  design  furnished  criteria 
for  the  basic  design  of  the  brassboard  demonstration  model. 

The  detail  design  and  supporting  analysis  for  the  brassboard  demonstration 
model  includes  electronic  and  optical  components,  thermal  analysis,  compensation 
circuitry  and  environmental  stability  to  demonstrate  the  performance  requirements. 
The  selection  of  parts,  materials  and  processes  for  Che  design  and  fabrication 
were  in  accordance  with  the  required  specifications. 

The  critical  component  testing  and  evaluation  was  performed  on  all  components 
identified  as  critical  to  the  sensor  operation.  "hese  were  the  light  emitting 
diodes,  silicon  photodetectors  and  the  angle  sensing  crystals.  These  critical 
components  were  tested  to  show  compliance  with  tne  sensor  requirements.  Testing 
also  was  performed  on  the  optical  components  and  their  mechanical  subassemblies 
to  demonstrate  the  suitability  over  0-140  degrees  Fahrenheit  temperature  range. 

The  developmental  testing  was  carried  out  on  the  brassboard  demonstration 
model  to  evaluate  the  capability  of  the  brassboard  system  to  achieve  the  require- 
ment and  goals  of  the  sensor  specifications. 

The  feasibility  of  utilizing  polarization  combined  with  the  use  of  birefringent 
crystals  for  precision  angular  measurement  was  demonstrated.  The  brassboard  sys- 
tem demonstrated  that  relative  angular  motion  in  roll,  pitch  and  yaw  could  be 
performed  to  an  accuracy  of  better  than  five  arc  seconds. 

The  polarization  concepts  utilized  in  the  program  resulted  in  an  advancement 
in  the  state  of  the  art  in  angular  measurement.  The  non-imaging  optical  concept 
resulted  in  extremely  small  optical  systems  and  the  utilization  of  matched  angle 
sensing  crystals  permitted  translation  of  target  within  the  field  of  view  without 
developing  a tracking  error. 
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Chrysler  Corporation  Space  Division  (CCSD)  submits  this  final  report,  which 
covers  the  work  performed  in  compliance  with  the  work  statement  of  contract  F04701- 
74-C-0062.  This  contract  was  issued  by  the  Department  of  the  Air  Force,  Headquarters 
Space  and  Missile  Systems  Organization  (SAMSO),  AF  Unit  Post  Office,  Los  Angeles, 
California  90009. 

The  program  included  design,  fabrication  and  testing  of  a 3-axis  Optical  Angular 
Motion  Sensor  (OAMS)  brassboard  demonstration  model.  This  model  is  to  be  used  in 
the  triaxial  measurements  of  alignment  between  two  separated  devices.  It  also 
included  issue  of  critical  item  specifications,  test  and  evaluation  of  critical 
components,  temperature  tests  of  brassboard,  development  and  test  of  time  division 
multiplex  concept  and  extensive  theoretical  and  actual  performance  analysis. 


The  authors  acknowledge  many  helpful  discussions  with  Messrs.  M.  Arck,  J. 
Redman,  S.  Marcus,  E.  Farr  and  Dr.  T.  Kazangey  of  Aerospace  Corporation,  and  Lt. 
G.  Shaw  of  SAMSO. 
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1.0  INTRODUCTION 

In  many  spacecraft  applications,  the  angular  alignment  of  one  device  with 
respect  to  another  must  be  known  precisely.  If  practical  in  the  layout  of  the 
spacecraft,  the  two  devices  would  be  attached  physically  to  a common  rigid  struc- 
ture which  would  maintain  the  angular  alignment  between  them.  Under  certain 
conditions,  mechanical  strains  and  differential  thermal  expansion  as  well  as  an 
appreciable  separation  between  the  two  devices  make  the  maintaining  of  alignment 
by  physical  restraint  difficult  if  not  impossible.  Under  these  conditions,  a 
third  device  is  required  to  monitor  continuously  the  angular  motions  of  one  or 
more  of  the  devices  with  respect  to  the  designated  reference  device. 

There  is  presently  no  system  capable  of  monitoring  the  relative  alignment 
with  sufficient  accuracy  for  precision  space  applications.  The  Optical  Angular 
Motion  Sensor  (OAMS)  offers  a solution.  It  will  monitor  angular  deviations  and 
can  provide  signals  to  permit  corrections  to  be  made  for  misalignments.  The 
Phase  0 study  performed  under  contract  No.  F04701-72-C-0389  resulted  in  the  select- 
ion of  polarized  optical  technology  as  the  best  candidate  system  to  fulfill  the 
requirements  for  accuracy,  translation,  response,  environment  and  general  require- 
ments for  adaptability  to  spacecraft  application. 

The  development  Phase  I used  the  results  obtained  in  Phase  0.  The  laboratory 
verification  tests  performed  in  Phase  0 were  used  as  the  basis  for  the  OAMS  brass- 
board  demonstration  model.  The  documentation  and  specifications  that  were  produced 
during  the  Phase  0 study  and  used  in  the  Phase  I contract  were: 

Final  Report  - SAMSO  TR-73-6 

Performance  Evaluation  Test  Plan  - CEI  No.  73-6-TP 
Prime  Item  Development  Specification  - CEI  No.  73-6 
Critical  Component  Specifications 
Silicon  Photodetector  - CEI  No.  73-6- A 
Emitting  Source  - Pitch  Channel  - CEI  No.  73-6- B 
Emitting  Source  - Yaw  Channel  - CEI  No.  73-6-C 
Emitting  Source  - Roll  Channel  - CEI  No.  73-6-D 
Angle  Sensing  Crystal  - CEI  No.  73-6-E 


Potential  areas  of  application  for  an  OAMS  system  will  give  some  insight  as 
to  the  need  for  such  e'  angle  measuring  device.  Some  important  areas  of  applica- 
tion are: 


a)  Transfer  reference  alignment  between  guidance  platform 
and  tracking  mounts 

b)  Alignment  of  communications  satellite  to  earth 

c)  Alignment  while  tracking  space  targets 

d)  Angular  monitoring  of  space  objects 

e)  Transfer  of  alignment  to  mounts  external  to  spacecraft 

f)  Transfer  of  alignment  between  tracker  and  pointing  of 
high  energy  lasers 

g)  Missile  aiming 

h)  Structure  flexure  monitoring 

i)  Earth  limb  roll  measurement 

This  final  report  is  intended  to  cover  all  requirements  fer  analysis,  design, 
development,  fabrication,  assembly,  test  and  evaluation  of  the  brassboard  model  of 
an  Optical  Angular  Motion  Sensor. 
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2.0  OBJECTIVE 

2 . 1  General 


The  objective  of  Phase  I was  design,  fabrication  and  testing  of  a 
3-axis  demonstration  model  of  an  Optical  Angular  Motion  Sensor  (OAMS) . The 
model  was  classified  as  a brassboard  configuration  containing  all  components 
necessary  for  a complete  OAMS  system,  although  not  necessarily  packaged  in 
their  final  shape  and  size.  The  design  was  also  to  go  as  far  as  practical 
toward  the  final  configuration  goal  so  that  the  transmitter  and  receiver  could 
be  calibrated,  tested,  evaluated  and  tested  in  a thermal  environment. 

2.1.1  Goals 


The  original  requirements  and  goals  of  the  program  are  detailed  in 
the  Annex  of  this  report.  The  performance  goals  were  a)  angular  deflection 
measurement  to  an  accuracy  of  + 1 arc  second  (i  axis  1 sigma),  b)  measurement 
range  +1  degree  about  Line  of  Sight  (LOS),  and  c)  operation  over  a distance 
of  5 to  50  feet. 


2.1.2  Engineering  Tasks 

The  following  major  engineering  tasks  were  performed. 

a.  Detail  design  and  supporting  analysis.  Complete 
design  and  Cl  specifications  for  system. 

b.  Critical  component  testing  and  evaluation.  In- 
cluded temperature  tests  fre  0 to  140°F. 

c.  Developmental  tests. 

2.1.3  Performance  Requirements 

The  requirements  and  goals  of  the  program  are  included  in  the  Annex 
of  this  report.  The  following  list  defines  the  major  performance  parameters 
required  for  an  OAMS  system: 

a.  Functional  characteristics 

b.  Performance  characteristics 


1. 

Measurement  range 

5. 

Saturation  characteristics 

2. 

Calibration 

6. 

Response  time 

3. 

Accuracy 

7. 

Operating  distance 

4. 

Output  signals 

8. 

Temperature  range 
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c.  Mechanical  interface 

d.  Functional  interface 

e.  Optical  interface 

f.  Volume 

g.  Weight 

h.  Multiple  targets 

i.  Structure  design 

j.  Nuclear  survivability 

2.1.4  Contract  Data  Requirements  List 

Documentation  required  for  program 


2.1.5  Amendment  P0003  - Change  of  Specifications. 


Testing  to  demonstrate  suitability  over  0-140°F  for  components  and 

subassemblies. 


2.1.6  Amendment  P0004  - Material  Cost  Change 

2.1.7  Amendment  P0005  - Increased  Tests  & Evaluation  and 
Extend  Schedule 

2.1.3  Amendment  P0006 

a.  Design,  build  and  analyze  a single  color  LED 
multiplex  system. 

b.  LED  review  and  development  and  test  of  alter- 
nate single  color  sources. 

2.1.9  Amendment  P0Q07 

Procure,  test  and  evaluate  new  LED  sources  for  pitch 
and  yaw  channels. 

Perform  brassboard  testing  with  all  control  loops  operat- 
ing in  at  least  one  channel. 

A summary  of  the  results  for  each  listed  item  follows: 

Item  2.1.1:  Complete  design  for  performance  as  stated  in  a, 

b,  and  c.  Due  to  LED  power  output  limitations 
the  range  was  reduced  to  25  ft.  by  technical 
agreement.  This  distance  met  the  requirements 
of  the  program  but  not  the  goal  of  50  feet. 
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Item  2.1.2:  Engineering  Tasks  completed: 

a.  Detail  design 

b.  Critical  component  testing 

c.  Development  tests 

Item  2.1.3:  Performance  Requirements 

a.  Functional  characteristics  of  the  system 
met  the  general  requirements  of  the  OAMS 
system. 

b.  Performance  characteristics  met  pitch  and 
yaw  prototype  requirements.  Roll  signal 

to  noise  was  high  at  25  feet  but  subsequent 
improvements  to  the  system  reduced  it  to 
compare  to  the  pitch  and  yaw  channels. 

The  following  primary  requirements  were: 

1.  Measurement  range  - The  angular  range 
met  the  goals  of  one  degree  in  each 
axis. 

2.  Calibration  - Calibration  curves  are 
generally  a sine  curve.  They  can  be 
defined  by  a low  order  polynomial  of 
less  than  six  terms. 


3.  Accuracy  - Systematic  errors  generally 
met  the  requirements  of  less  than  5 arc 
seconds  for  the  system  at  the  +30  arc 
minute  range.  Dynamic  error  was  between 
the  requirements  and  the  goal. 

A.  Output  signals  of  the  brassboard  were 
generally  1 mv  per  arc  second.  This 
range  was  selected  for  ease  of  readout 
on  the  brassboard  display.  The  output 
signals  are  adjustable 

5.  Saturation  characteristic  curves  are 
figures  9.5,  9.b  and  9.7. 

6.  Response  time  of  10  hertz  was  met. 

7.  Operating,  distance  was  established  at 
the  required  distance  of  25  feet  due  to 
the  output  decrease  in  the  LEDs  of  the 
pitch  and  yaw  channels. 

2-3 


gsr 


*E(-~’«J': : '■;■  ”■  ‘li*/’^'-  '-"'/'.I  VV'"'''~'  • <-■  r V~-  ^ u* 


Eft 


F 


8.  Temperature  Range  was  0-140°F  and 
complete  brassboard  tests  were  per- 
formed. The  performance  was  as 
expected  except  one  channel  became 
erratic  below  32°F.  This  was  attrib- 
uted to  some  of  the  components  not 
having  been  qualified  to  military 
specifications  for  this  temperature 
range. 

9.  Power  requirements  were  not  a criteria 
for  the  brassboard. 

c.  Mechanical  interface  to  be  determined  for  prototype. 

d.  Functional  interface  to  be  determined  for  prototype. 

e.  Optical  interface  met  requirements. 


k 
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f.  Volume  of  transmitter  and  receiver  under  prototype 
requirements.  Electronics  over  prototype  require- 
ments. (Not  required  for  brassboard). 

g.  Weight  of  transmitter  and  receiver  within  require- 
ments. Electronics  over  prototype  requirements. 
(Not  required  for  brassboard). 


I 


h.  Multiple  targets  - not  applicable  to  brassboard. 


i.  Structure  met  mechanical  and  thermal  requirements. 


j.  Nuclear  survivability  (study  only). 

Item  2.1.4:  CDRL  - All  documents  submitted. 

The  reports  that  were  produced  during  the  Phase  I 
contract  were: 


General  Test  Plan  (OAMS  Brassboard)  - CEI  No.  73-6- 
TP,  Rev.  A 


Critical  Component  Test  Plans  - CEI  No.  73-6-CCTP 

Configuration  Prime  Item  Development  Specification  - 
CEI  No.  73-6,  Rev  A 

Configuration  Item  Critical  Components  Specifications: 

Silicon  Photodetector  - CEI  No.  73-6-A,  Rev  A 

Emitting  Source  - Pitch  Channel  - CEI  No.  73-6-B, 
Rev.  A 

Emitting  Source  - Yaw  Channel  - CEI  No.  73-6-B, 

Rev.  A 
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Emitting  Source  - Roll  Channel  - CEI  No.  73-6-D, 

Rev.  A 

Angle  Sensing  Crystal  - CEI  No.  73-6-E,  Rev.  A 
Final  Technical  Report  - SAMSO  TR-75-120 

Item  2.1.5:  Amendment  P0003  - Specifications  changes  to  0-140°F  for 

brassboard  and  tests  performed  over  that  temperature  range. 

Item  2.1.6:  Amendment  P0004  - Costs  adjusted 

Item  2.1.7:  Amendment  P0005  - Increased  tests  and  evaluation.  These 

were  completed  and  were  presented  in  final  presentation 
and  the  tests  reports  are  in  section  8.5  and  9.0  of  this 
report . 

Item  2.1.8:  Amendment  P0006  - Completed  design  of  single  color  multi- 

plex. Fabricated  breadboard  of  system.  Rebuilt  brass- 
board  so  that  time  division  multiplex  could  be  demonstrated. 
Demonstrated  system  at  final  TD  presentation.  Tested  LEDs 
in  time  division  multiplex  mode.  Selected,  evaluated  and 
purchased  alternate  source  LEDs.  Results  in  final  report. 

The  test  plans  were  updated  as  the  program  developed.  The  Prime  Item 
Development  Specification  and  the  Critical  Item  Development  Specifications  were 
updated  and  reissued  as  tests  and  evaluations  are  completed  during  the  test  pro- 
gram. 

The  developmental  tests  on  the  demonstration  model  evaluated  the  model's 
ability  to  meet  performance  requirements  of  the  contract,  as  described  in  this 
final  report. 


2.2  Design 

The  major  design  areas  covered  in  Phase  I were:  Brassboard  Design  - 

Mechanical,  Optical  and  Electronic.  The  design  consisted  of  the  following  sub- 
assemblies  and  assemblies: 

Light  Emitting  Diodes  and  Electronic  Drivers 

Silicon  Photodetector  and  Preamplifier 

Optical  Subsystem  - Transmitter 

Optical  Subsystem  - Receiver 

Transmitter  Housing  Assembly 

Receiver  Housing  Assembly 

Signal  processing  electronics  packaged  separately  with 
interconnecting  cables 

Power  Supply  with  Regulation  Subsystem 

Brassboard  Optical  Design 

An  optical  analysis  was  performed  for  both  transmitter  and  receiver 
assemblies. 

Brassboard  Electronic  Design 

Electronic  block  diagram,  schematic  diagrams  and  specifications  were 
developed  and  analyzed  from  best  performance  criteria  for  signal-to-noise,  accuracy, 
linearity,  response,  angular  resolution  and  channel  separation.  The  flight  features 
required  for  extended  operational  life  will  include  automatic  light  level  gain  con- 
trol, LED  balance  control  loop.  The  operational  features  of  these  AGC  loops  were 
verified  on  the  brassboard  model.  Full  automatic  temperature  control  loops  were 
not  incorporated  in  the  brassboard. 

2.3  Summary  of  Results 

2.3.1  Summary  of  Phase  Zero  Results 


In  the  initial  phase  of  the  OAMS  Program,  concepts  that  could  be 
used  for  angular  measurement  were  identified  and  evaluated.  A concept  making  use 
of  the  polarized  nature  of  radiation  and  the  interaction  of  polarized  radiation  in 
optical  crystals  was  selected  as  the  OAMS  concept.  The  feasibility  of  the  concept 
was  proven  analytically  and  demonstrated  experimentally  in  the  laboratory. 
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A preliminary  design  of  an  angular  measurement  system  based  upon 
the  polarization  concept  was  accomplished.  The  preliminary  design  included  the 
generation  of  optical,  mechanical  and  electrical  drawings. 

An  OAMS  system  specification  was  generated  and  issued,  critical 
components  were  identified  and  critical  component  specifications  issued.  These 
specifications,  in  combination  with  the  schematics  and  drawings  resulting  from  the 
preliminary  design  effort,  served  as  a baseline  for  the  development  of  an  OAMS 
demonstration  model. 

The  use  of  polarization  techniques  was  evaluated  for  application 
to  the  problem.  Three  different  polarization  systems  were  analyzed  for  potential 
application  co  spacecraft  requirements.  Components,  subsystems  and  systems  were 
reviewed  with  an  emphasis  on  ultimate  spacecraft  requirements  and  operational  en- 
vironment expected  within  a typical  spacecraft. 


The  major  considerations  for  the  system  were  sensitivity,  accuracy, 
performance,  reliability,  operating  environment,  weight,  size,  power  required,  vul- 
nerability, operating  life,  maintenance,  electro-magnetic  interference,  electro- 
magnetic compatibility,  achievement  of  goals  and  potential  problem  areas. 

Since  it  was  not  practical  to  maintain  or  calibrate  the  equipment 
in  orbit,  consideration  was  made  for  automatic  gain  control  (for  light  level  changes) 
and  automatic  balance  control. 


The  report  included  analytical  studies  of  polarization  approaches, 
signal-to-noise  and  noise  equivalent  angle,  optical  sources,  detectors,  modulation 
techniques,  optical  materials,  thermal  effects,  signal  processing,  demodulation, 
channel  separation  and  cross  coupling  effects  between  axes.  Radiation  effects  on 
operational  life  and  components  were  included  in  the  study. 

2.3.2  Performance  Summary  of  Brassboard 

The  test  results  of  the  brassboard  were  generally  within  the  proto- 
type requirements.  Translation  errors  were  greater  than  expected.  An  analysis  of 
this  prc  blem  resulted  in  a redesign  of  the  LED  control  loop  to  compensate  for  the  ; 
variations  in  the  energy  profile  of  the  LEDs  while  moving  across  the  field  of  view. 

The  new  LED  control  loop  is  now  installed  in  the  brassboard. 

The  signa.  to  noise  ratio  of  the  roll  channel  was  lower  than 
expected  due  to  light  levels.  At  25  feet  the  resolution  was  below  requirements 
but  at  10  feet  they  were  satisfactory.  The  internal  optical  system  was  degraded 
due  to  components  variation  from  specifications.  This  situation  was  corrected 
during  the  program  extension. 


The  Light  Emitting  Diodes  in  the  pitch  and  yaw  channels  degraded 
during  tests  and  in  the  brassboard  tests.  They  are  unsatisfactory  for  flight  hard 
ware  and  must  be  replaced  by  another  type  of  LED. 

2.4  Applicable  Documents 

The  following  documents  were  applicable  to  the  OAMS  Phase  I Program. 
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Specifications: 

Document  No . 

Date 

MIL-E-8983A 

30  Nov.  71 

Electronic  Equipment,  Aerospace 
Extended  Space  Environment, 
General  Specification  for 

MIL-Q-9858A 

16  Nov  63 

Quality  Program  Requirements 

USAF  Specification  3 Nov.  59 
Bulletin  515 

SAMSO  CEI  Spec.  31  Dec.  72 
73-6 


Control  of  Non-conforming 
Supplies 

Prime  Item  Development  Specif! 
cation  for  an  Optical  Angular 
Motion  Sensor 


MIL-STD-891A 


1 June  72 


MIL- STD-1515 


2 Oct.  72 


SYGS  Exhibit  10002  15  June  70 

Revision  1 15  May  73 


SAMSO-TR-73-6 


31  Dec.  72 


Test  Plan  No.  73-6-  31  Dec.  72 
TP 


Contractor  Part  Control  and 
Standardization  Program 

Fasteners  Used  in  the  Design 
and  Construction  of  Aerospace 
Mechanical  Systems 

Nuclear  Survivability 


Optical  Angular  Motion  Sensor 
Concept  Definition  and  Prelim- 
inary Design  Phase 

Performance  Evaluation  Test 
Plan  for  the  Engineering  Proto- 
type of  an  Optical  Angular  Motion 
Sensor 
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3.0  POLARIZATION  TECHNIQUES 


3.1  Polarization 


Polarization  is  a property  which  defines  the  transverse  nature  of  light 
electric  waves.  Fully  polarized  light  is  characterized  by  orientation  of  all  the 
electric  wave  transverse  planes  in  one  direction.  Unpolarized  light  is  character- 
ized by  the  transverse  plane  orientation  being  equally  distributed  in  all  directions 
Partially  polarized  light  is  a combination  of  the  two  conditions. 

Light  or  radiation  is  not  fully  defined  until  its  stokes  parameters  are 
known.  In  1852  G.  G.  Stokes  defined  four  unique  characteristics  of  light  which 
fully  describe  its  intensity  and  polarization  components.  The  parameters  jLe 
generally  illustrated  by  the  following  vector  referred  to  as  the— ®tTuKes  Vector. 


intensity  of  light  (polarized  and  unpolarized) 
horizontal/(vertical)  plane  preference 
45  degree/ (-45  degree)  plane  preference 
right/(left)  hand  circular  preference 

These  are  the  unique  characteristics  of  polarized  light  that  can  be 
separated,  identified  and  measured. 

Each  Stokes  parameter  has  the  dimension  of  intensity  and  applies  to 
polarized  light  when  treated  as  a quasi-monochromatic  wave.  Super-position  tech- 
niques are  used  for  wide  optical  bands  not  meeting  the  quasi-monochromatic  con- 
dition by  dividing  it  into  a number  of  quasi-monochromatic  wavelength  bands. 

The  parameter  Sq  represents  the  total  intensity.  The  parameter  S3  is  equal  to 
the  excess  in  intensity  of  light  transmitted  by  a polarizer  that  accepts  linear 
polarization  in  the  azimuth  6=0  degrees  over  the  light  transmitted  by  a polar- 
izer that  accepts  linear  polarization  in  the  azimuth  6 = 90  degrees. 

The  parameter  So  has  a similar  interpretation  with  respect  to  the  azi- 
muths 6 * 45  degrees  and  6 = 135  degrees.  Finally,  the  parameter  S3  is  equal  to 
the  excess  in  intensity  of  light  transmitted  by  a device  that  accepts  right-handed 
circular  polarization  over  the  light  transmitted  by  a device  that  accepts  left- 
handed  circular  polarization.  A positive  Stokes  parameter  value  indicates  a 
horizontal,  45  deg.,  or  right  circular  preference,  whereas  a negative  value  indi- 
cates its  orthogonal  component;  that  is,  vertical,  -45  degrees,  or  left  circular 
preference. 


S0 

h 

S2 

S3  m 

where  SQ  - 
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The  Stokes  vector,  in  addition  to  defining  polarized  light  ch  iracter- 
istics  also  provides  a useful  tool  for  systematic  analysis  of  polarized  light. 

Through  the  use  of  Mueller  matrices  for  polarized  optical  elements  such  as 
quarter-wave  plates,  polarizers,  modulators,  Wollastons  and  analogous  components; 
it  is  possible  to  predict  the  resultant  polarized  light  characteristics  after 
passing  through  a series  of  these  elements.  Reference  1. 

Techniques 

Numerous  polarization  systems  have  been  designed  and  built  for  measuring 
angles  by  means  of  measuring  changing  polarization  parameters  such  as  phase  rela- 
tionship. References  2,  3,  4,  5,  6,  7,  11. 

The  first  phase  of  this  study  was  the  review  of  known  polarization  sys- 
tems for  adaptability  to  spacecraft  requirements  as  outlined  in  the  OAMS  technical 
requirements  for  performance  and  design. 

Earlier  programs  had  utilized  several  modulation  techniques  which  included 
rotating  polarizers,  oscillating  crystals,  Kerr  cells,  light  choppers,  electro- 
optical  light  modulators  (EOLM),  scanners,  and  source  modulation. 

Of  this  group,  both  the  EOLM  and  source  modulation  have  several  advantages 
for  use  in  OAMS  system  as  such  devices  are  static  (non-moving).  The  polarization 
modulation  technique  can  be  demodulated  with  synchronous  detection  techniques  offer- 
ing excellent,  narrow  band,  signal  to  noise  characteristics.  A disadvantage  asso- 
ciated with  the  EOLM  concept  is  the  high  operating  voltage  of  the  device.  Modulation 
of  the  source  with  either  continuous  wave  (CW)  or  pulses  offers  a low  voltage  system 
but  results  in  more  complex  data  handling  subsystems.  Reference  11. 

A new  system  was  developed  which  combines  2 LED  sources  multiplexed  into 
a single  modulated  polarized  light  beam.  This  accomplished  the  advantages  of  the 
EOLM  and  low  voltage  modulation  requirements  of  a spacecraft.  This  new  system  is 
described  in  detail  in  Appendix  d.  Further  study  of  the  various  modulation  concepts 
are  performed  in  later  stages  of  this  study. 

The  next  requirement  vas  the  projection  of  a polarized  light  beam  from 
the  transmitter  with  a defined  polarization  signat  c which  will  not  change  unless 
birefringence  is  introduced.  This  was  accomplished  by  the  use  of  birefringent 
crystals  which  establish  and  maintain  the  polarization  characteristics  as  a function 
of  the  angular  relationship  of  the  light  to  the  crystals. 

3.2  Roll  Axis 


In  the  case  of  roll  measurement  about  the  line  of  sight,  the  modulated 
polarized  light  leaves  the  transmitter  through  a calcite  crystal.  This  crystal 
orient*-  the  polarized  light  by  means  of  the  2 optical  axes  of  the  crystal  into  a 
symmetrical distribution  across  the  beam  of  light. 

At  the  receiver,  a matching  crystal  "senses"  the  polarization  distribu- 
tion on  the  beam  of  light  and  distributes  this  polarization  according  to  the 
orientation  of  the  planesof  polarization.  A roll  between  the  transmitter  and 
receiver  will  increase/or  decrease  the  polarized  light  on  each  exit  beam  of  the 
prism  as  a function  of  roll.  The  relationship  of  this  polarization  is  sensed  and 
distributed  onto  the  two  detectors  by  means  of  a Wollaston  prism.  The  relative 
intensities  on  the  two  detectors  area  measure  of  roll  angle. 
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SENSITIVE 


A translation  of  the  target  across  the  light  beam  will  not  be  sensec 
since  the  horizontal  and  vertical  components  of  polarization  are  uniform  across 
the  entire  cross  section  of  the  beam.  Therefore,  no  change  will  occur  at  the 
prism  and  detectors  due  to  lateral  movement . 

3.3  Lateral  Axis 


In  the  case  of  lateral  axis  sensing,  polarization  angle  measuring  con- 
cepts have  been  developed  by  Chrysler.  The  first  axis  consists  of  angle  sensing 
crystals  which  were  developed  to  introduce  optical  (polarization)  phase  shift 
between  the  ordinary  and  extraordinary  rays  as  a function  of  the  entrance  angle 
of  the  light.  The  angle  sensing  crystals  are  two  (2)  identical  birefringent 
crystals  with  the  optical  axis  oriented  at  45°  to  the  surface  of  the  crystal. 

The  two  crystals  are  turned  at  90°  to  e ach  other  so  that  the  extraordinary  and 
ordinary  rays  of  the  polarized  light  passing  through  the  first  crystal  were 
transposed  in  the  second  crystal  as  shown  in  Figure  3-1.  Reference  11. 

A zero  optical  phase  shift  between  the  E and  0 rays  will  occur  for  light 
perpendicular  to  the  surface  of  the  crystal.  But  for  light  not  perpendicular, 
the  phase  retardation  of  the  polarized  light  leaving  the  crystal  will  change 
as  a function  of  the  entrance  angle.  The  crystals  have  one  sensitive  axis  and 
one  insensitive  axis.  The  sensitivity  of  the  angle  sensing  crystal  is  a function 
of  the  crystalline  material  and  its  thickness.  Reference  6,  8,  9. 

A matching  crystal  at  the  receiver,  placed  in  opposition  to  Lhe  first 
crystal  will  compensate  the  angular  retardation  for  small  angular  translation 
of  the  target  within  a projected  cone  of  light.  But  it  will  sense  and  measure 
any  relative  angular  change  between  the  2 crystals  at  any  position  in  the  cone 
of  light. 


The  second  axis  is  sensed  in  a manner  identical  to  the  first  with  the 
exception  that  the  assembly  is  rotated  exactly  90°  to  the  first.  The  two  chan- 
nels are  optically  separated  by  differences  in  wavelength  and  optical  filtering. 

Analysis  of  various  arrangements  of  these  concepts  are  described  in 
Appendices,  A,  D and  E for  application  to  the  OAMS . 
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4.0  RECOMMENDED  CONCEPT 


4.1  Considerations 


The  three  polarization/crystal  concepts  were  analyzed  and  discussed 
in  the  Appendices  of  the  Phase  0 report.  Consideration  was  given  to  various 
combinations  of  crystals  and  includes  multiplexing  single  sources  with  parallel 
light  paths,  and  three  discrete  systems.  An  in-depth  review  of  sources,  detectors, 
modulation,  demodulation  and  electronics  was  made  and  evaluated  for  operating 
life,  packaging,  reliability,  signal  to  noise,  weight,  power  required  and  other 
pertinent  parameters. 

The  latest  developments  in  Light  Emitting  Diodes  (LEDs)  were  evaluated 
for  lifetime,  energy  levels,  efficiency,  output  geometry,  size  and  applicability 
to  the  system.  LEDs  offer  numerous  advantages  for  spacecraft  application  and  are 
discussed  in  detail.  Tests  and  evaluations  have  been  performed  in  the  laboratory 
to  determine  actual  performance  characteristics.  The  latest  developments  in 
detectors  were  evaluated  for  sensitivity,  detectivity,  susceptibility  to  tempera- 
ture, life  and  other  important  considerations.  Modulation  and  demodulation  were 
analyzed  to  determine  the  technique  to  be  used  in  order  to  provide  optimum  system 
performance. 

The  hardware  designs  of  both  transmitter  and  receiver  were  considered 
for  general  applicability.  The  effects  of  thermal  changes  and  gradients  on  the 
hardware  were  considered.  The  final  design  concept  was  predicated  on  the  select- 
ion, test  and  evaluation  of  the  components  and  subsystems. 

After  consideration  of  the  analyses  in  appendix  E and  Section  8.1, 
the  conclusion  was  reached  that  three  discrete  single  color  systems  would  have 
the  probability  of  meeting  the  OAMS  technical  requirements  with  a minimum  possi- 
bility of  cross  axis  interference. 

4.2  Design  Selection 

As  a result  of  the  work  performed  in  this  Phase  I contract  and  exper- 
ience applied  from  earlier  programs,  a design  was  selected  which  would  meet  all 
the  program  requirements.  The  design  utilized  selected  polarized  light  and 
birefringent  crystals  to  measure  angular  displacement.  The  design  included  a 
transmitter  at  the  point  of  reference  and  a receiver  at  the  target.  The  trans- 
mitter emits  modulated,  polarized  light  so  that  each  axis  (roll,  pitch  and  yaw) 
has  a discrete  electro-optical  system.  The  transmitted  beams  include  discrete 
states  which  relace  to  each  axis.  The  arrangement  utilizes  three  distinct  light 
paths— one  for  each  axis.  Two  LED  emitters  alternately  turn  on  and  off  for  each 
individual  channel.  The  Hght  from  each  emitter  is  polarized  differently.  The 
sequence  of  light  emitted  is  continuous  wave  and  the  LEDs  for  each  channel  opera- 
tes at  a discrete  frequency  and  are  filtered  at  the  receiver.  The  polarized 
light  then  passes  through  an  angle  sensing  crystal  which  orients  the  polarization 
state  as  a relationship  to  this  crystal.  The  arrangement  is  shown  in  Figures  E.l, 
E.2  and  E.3  (Appendix  E) . 
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The  transmitter  consists  of  an  assembly  of  six  light  emitting  diodes, 
6 light  focusing  lens,  3 polarizing  prisms,  2 quarter  wave  plates  and  2 angle 
sensing  crystals  in  a single  assembly.  The  three  emitted  light  beams  carry  the 
triaxial  angular  information  by  their  polarization  states. 


The  receiver  units  are  all  within  the  cones  of  light  projected  by  the 
transmitter.  The  unit  contains  three  polarization  sensing  assemblies,  one  for 
each  axis.  The  sensing  assemblies  consists  of  an  angle  sensing  crystal  (matched 
to  the  transmitter  crystal),  an  optical  filter  for  color  separation,  a Wollaston 
prism  plus  focusing  lens  and  two  silicon  detectors. 

The  diagrams  of  the  optical  system  are  shown  and  analyzed  in  Section  8.2 
and  Appendix  B and  the  electronics  is  shown  and  described  in  Section  8.4.  Differ- 
ential detection  of  each  pair  of  detectors  will  display  amplitude  and  polarity 
as  a function  of  angular  displacement.  The  sum  of  the  two  detectors  operates 
as  an  Automatic  Gain  Control  (AGC)  for  automatic  light  level  control  or  automatic 
amplification  control  to  compensate  for  light  changes.  Temperature  compensation 
circuits  for  LEDs  and  detectors  have  been  considered.  A LED  balance  control  loop 
maintains  a balanced  output  of  the  two  LEDs  in  each  channel. 


4.3  Conceptual  Design 

The  following  paragraphs  discuss  candidate  design  configurations  which 
were  considered  for  the  OAMS  requirements. 

Systems  Goals 

The  system  requires  the  comparison  of  angular  relationship  between  two 
points.  The  system  must  operate  on  a continuous  basis  and  read  out  and  display 
the  angular  position  of  the  three  angles  (roll,  pitch  and  yaw).  The  sensitivity 
and  accuracy  requirements  and  goals  are  defined  in  the  Annex(Technical  Requirements) 

Power  requirements  must  be  reduced  as  far  as  possible  and  still  maintain 
an  acceptable  signal  to  noise  ratio.  An  effort  to  minimize  system  voltage  require- 
ments has  been  made  for  the  spacecraft  environment  compatibility.  The  minimum 
Noise  Equivalent  Angle  has  been  considered  the  operational  design  goal.  The 
electrical  system  is  being  evaluated  for  Electro-Magnetic  Interference  (EMI)  ard 
Electro-Magnetic  Compatibility  (EMC). 

Vulnerability  to  environment  within  the  spacecraft  is  an  important  con- 
sideration in  the  electronic  and  opto-mechanical  design.  Optical  materials  have 
been  evaluated  for  vulnerability,  lifetime  effects  and  environmental  effects. 

The  mechanical  assembly  has  been  designed  to  maintain  s tability  and  accuracy  in 
the  specified  operational  environments.  The  mechanical  assembly  considered, dom- 
inates size  and  weight  considerations  and  is  designed  to  minimize  these  parameters. 

Concept  Selection 

System  analysis  is  performed  in  Appendix  E and  Section  8.1  to  determine 
and  compare  the  advantages  and  disadvantages  of  different  co  (figurations  and  com- 
ponents. Several  sources  were  evaluated  and  compared  for  efficiency,  compatibility 
with  requirements  and  general  characteristics.  Candidate  detectors  were  compared, 
modulation  and  demodulation  techniques  were  evaluated.  Pulsed  and  Continuous  Wave 
operation  was  compared  and  evaluated  for  accuracy  and  signal  to  noise.  Automatic 
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Gain  Control  for  light  level  compensation  was  evaluated.  Automatic  balance  con- 
trol for  component  aging  compensation  was  considered,  including  the  effects 
imposed  by  the  detectors  and  electronic  components  characteristics . Detectors 
were  evaluated  on  the  basis  of  performance,  detectivity,  temperature  sensitivity,  f 
noise  and  lifetime  effects.  Electronic  components  were  evaluated  for  perform- 
ance and  compatibility. 

4 

The  design  analysis  performed  in  Section  8.1  and  the  error  analysis 
in  Appendix  E were  performed  prior  to  the  fabrication  of  the  brassboard  and  , 

then  updated  and  corrected  after  comparison  with  performance  data  as  it  became  i 

available. 

i 


5.0  parametric  analysis 


The  parametric  analysis  is  presented  in  section  8.1.  The  error  analysis 
for  the  system  is  shown  in  Appendix  E.  The  modulated  LED  systems  can  use  either 
one  of  two  modulation  techniques  to  produce  one  beam  for  each  axis  originating 
from  three  separate  transmitting  axes.  These  are  discussed  in  Appendix  D. 
Appendix  E also  discusses  and  analyzes  the  types  and  magnitudes  of  cross  coupling 
in  the  system. 


6.0  BRASSBOARD  DESIGN  TRADE-OFFS 


Design  trade-offs  have  been  considered  first  from  the  standpoint  of  per- 
formance. These  include  measurement  range,  calibration,  accuracy  stability. 

Then  size,  power,  weight,  reliability  and  other  critical  areas  were  investigated. 

6.1  Operational  Trade-Offs 

Performance  is  dependent  on  polarization  and  birefringent  crystals  to 
sense  and  measure  angular  displacement.  Crystals  that  are  commonly  used  for  the 
elements  are  single  crystal  quartz  and  calcite.  Both  have  good  lifetime  proper- 
ties and  will  not  deteriorate  in  a vacuum  or  dry  air  environment.  Vulnerability 
to  nuclear  exposure  is  not  known  at  this  time,  but  under  high  radiation  levels 
some  discoloration  and  other  effects  may  take  place.  Other  birefringent  materials 
such  as  sapphire,  cadmium  sulfide,  cuprous  chloride  and  magnesium  fluoride  have 
been  investigated  for  this  application,  but  offer  no  particular  advantages. 

Light  emitting  diodes  are  the  most  attractive  source  for  a spacecraft 
application  but  in  general  other  sources  could  be  used  such  as  laser,  arc  (Xenon 
or  Zirconium),  and  incandescent  (IR  radiators).  Sources  were  evaluated  for  power, 
temperature,  size,  energy,  efficiency;  lifetime  and  stability  criteria.  Several 
types  have  potential  for  this  application,  however,  LEDs  met  overall  requirements 
better  than  the  others. 

Source  modulation  offers  manydesirable  design  features  and  is  considered 
to  be  a mandatory  system  requirement.  Different  modulation  systems  were  evaluated 
but  several  were  rejected  due  to  high  voltage  require* -nts,  moving  parts,  tempera- 
ture susceptibility,  non-uniform  field  of  view  and  their  electrical  noise  character- 
istics. A system  was  devised  in  which  two  LEDs  operating  alternately  would  result 
in  a low  voltage  polarization  modulation  in  continuous  wave  modes.  Multiple  color 
concepts  have  been  analyzed  and  evaluated  for  application  to  this  program.  While 
color  separation  is  attractive  to  reduce  the  probability  of  cross-coupling  errors, 
it  imposes  special  requirements  on  the  sources.  The  sources  must  have  relatively 
predictable  optical  characteristics,  high  energy  output  and  small  cross  sectional 
area  (for  adequate  focusing).  Multicolor  LED  sources  that  met  the  OAMS  Systems 
requirements  were  selected  for  the  OAMS  program.  Multicolor  LEDs  were  available 
but  problems  developed  with  G/\  As  P.  Numerous  detectors  were  evaluated 
for  use  in  the  system  including  photo-cells,  photo-multipliers,  various  cooled 
detectors  and  various  solid  state  sensors.  The  most  ideal  candidates  are  silicon 
diodes  as  these  devices  have  high  detectivity,  low  noise  and  can  operate  efficiently 
at  70°F  ambient  without  the  complexity  of  cooling. 

The  processing  electronics  area  offers  many  trade-effs.  Trade-off  con- 
siderations include  automatic  gain  control,  automatic  light  level  control,  auto- 
matic aging  control,  automatic  temperature  compensation,  among  others  which  were 
evaluated  during  the  course  of  this  program. 
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6.2  Performance 

Performance  trade-off  considerations  focused  upon  the  noise  equivalent 
angle  (NEA),  the  maximum  distance  between  source  and  receiver,  the  angular  mag- 
nitude of  the  transmitter  radiation  cone,  system  reliability  and  lifetime,  the 
error  in  the  angular  measurement  that  can  be  achieved,  and  environmental  o: loots 
upon  the  system  performance.  These  trade  considerations  are  influenced  primarily 
by  source  power,  linearity  and  stability  requirements,  the  type  of  source  modula- 
tion, the  effect  of  temperature  upon  the  source  radiant  output  and  detector  noise, 
the  NEP  and  responsivity  of  the  detector,  the  alignment  tolerance,  the  system 
thermal  design  and  the  cooling  of  the  sources  and/or  detectors.  The  ultimate 
effects  of  these  considerations  result  in  tracking  system  sensitivity,  accuracy 
and  flexibility  for  extended  life  and  reduced  power,  weight  and  size  within  the 
limitations  imposed  by  the  syscera  measuring  requirements. 


In  a latter  stage  of  this  program  trade  areas  concerning  the  hardening 
of  components  and  subsystems  to  nuclear  weapon  effects  were  briefly  investigated. 
These  trade-offs  include  additional  circuit  complexity  versus  lifetime  and  power 
requirements,  selection  of  less  vulnerable  parts  versus  such  parameters  as  gain, 
linearity,  response  characteristics  and  reliability,  and  hardening  versus  additional 
size  and  weight. 

6.3  Noise  Equivalent  Angle  Versus  Source  Power 

Noise  equivalent  angle  can  be  traded  for  source  power,  operating  range 
capability,  beam  divergence  and  receiver  aperture  under  all  operating  conditions. 

6. A Temperature  Effects  on  Noise  Equivalent  Angle  (NEA) 


A change  in  temperature  affects  the  optical  power  output  and  wavelength 
radiation  of  the  LED  sources,  the  responsivity  and  NEI*of  the  detectors,  the  band- 
pass of  the  optical  filter.  Also,  in  the  electronics  amplifiers,  gain  can  change 
and  active  electrical  bandpass  filters  can  shift  with  temperature  variations. 

This  effect  can  be  minimized  by  the  use  of  high  gain  feedback  amplifiers  and  tem- 
perature compensation  networks.  Shifts  in  wavelength  of  the  radiant  source  can 
be  compensated  for  by  selection  of  a sufficiently  broad  bandpass  for  the  optical 
filter.  *Noise  Equivalent  Power 

6.5  Thermo-Electric  Coolers 


A potentially  advantageous  application  of  the  T.  E.  cooler  is  for  cooling 
the  detectors.  Over  the  limited  temperature  range  of  operation  of  the  OAMS  system 
cooling  of  the  detectors  in  order  to  reduce  shot  noise  and  improve  responsivity  is 
not  warranted,  as  the  resultant  small  performance  improvement  requires  a substantial 
increase  in  power  requirements. 


6.6  Goals  Versus  Requirements 


The  results  of  the  preceding  studies  indicate  that  the  requirements 
listed  in  Annex  (Technical  Requi rements)  can  be  met  in  the  initial  prototype  hard- 
ware. By  the  use  of  the  latest  LEDs  for  sources  and  silicon  detectors  the  system 
NEA  exceeds  the  requirements  with  sufficient  margin  to  meet  the  goals  listed  in 
the  referenced  annex. 
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6.7  Cost 

Cost  of  the  system  was  considered  in  the  design  phase,  stressing  sim- 
plicity in  mechanical  fabrication,  assembly  and  test.  Electronic  systems  will 
utilize,  wherever  applicable,  integrated  circuits.  Medium  scale  integration 
was  investigated  as  a means  of  reducing  costs.  Components  such  as  sources, 
optical  elements  and  detectors  utilized  as  far  as  possible,  stock  items,  which 
eliminated  excessive  costs.  Reliability,  lifetime  and  maintainability  are  trade 
considerations  that  will  affect  the  system  cost.  Assembly  and  test  complexity 
procedures  affecting  costs  were  considered  during  the  design  phase. 
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7.0  RELIABILITY  AND  LIFETIME 

7.1  Sources 

An  operational-lifetime  in  excess  of  26,000  hours  (3  years)  with  a shelf 
life  of  5 years  is  a goal  of  the  OAMS  system  development.  Though  no  specific  fig- 
ure has  been  assigned  for  system  reliability,  the  critical  components  from  both  a 
reliability  and  lifetime  aspect  are  the  sources.  Therefore,  source  redundancy  has 
been  investigated  during  the  course  of  the  Phase  I contract  and  is  a major  area  of 
trade  studies.  Redundant  sources  are  particularly  attractive  in  view  of  the  type 
of  source  that  has  been  selected  for  this  application,  namely  the  LED.  Statistical 
data  on  these  devices  up  to  the  present  time  indicate  that  they  have  almost  unlimited 
shelf  life  in  certain  wave  lengths.  Other  trade  areas  that  affect  the  sources  are 
the  radiant  power  output  requirements,  mode  of  operation  (CW  or  pulsed),  lifetime 
versus  output  power,  power  versus  operational  stability,  temperature  effects  and 
cooling,  and  the  resultant  decrease  in  source  power  requirements  through  the  use  of 
lower  NEP  detectors.  The  effects  of  the  nuclear  environment  on  the  sources  will 
also  eventually  affect  the  trade  studies. 

» . 

;v 

7.2  Optical  Components 

> The  reliability  and  lifetime  of  the  system's  optical  components  is  more 

affected  by  environmental  considerations  than  any  other  parameters.  The  effect  of 
the  hard  vacuum  and  nuclear  environments  will  have  to  be  investigated.  The  launch 
environment  will  also  affect  the  optical  components.  Therefore,  the  ultimate  reli- 
ability and  life  of  these  passive  components  will  be  dependent  upon  their  capability 
of  surviving  and  performing  within  specifications  following  the  aforementioned 
environmental  situations.  Trade  studies  on  these  components  hinge  upon  their 
environmental  characteristics,  methods  of  mounting  and  isolating  material  studies, 
size  considerations  and  vulnerability  in  the  nuclear  environment. 

7.3  Detectors 


Reliability  and  lifetime  data  on  silicon  photodiode  detectors  are  avail- 
able from  other  programs.  The  available  data  on  silicon  PIN  detectors  have  been 
accumulated  and  documented. 

Past  experience  in  the  use  of  these  devices  indicate  that  they  are  very- 
reliable  and  stable  when  properly  operated.  Lifetimes  under  normal  operating  con- 
ditions are  in  the  tens  of  thousands  of  hour  category.  Trade  studies  have  evolved 
about  bias  level,  factors  affecting  noise  during  life  and  at  elevated  temperature 
operation,  linearity  as  a function  of  bias,  S/N  capability  as  a function  of  bias, 
stability  of  response  as  a function  of  bias  level,  effects  of  load  and  the  effects 
of  high  intensity  levels  upon  life  and  performance.  Reference  10. 

7. A Power,  Weight  and  Size 

Power  tradeoffs  have  evolved  considerations  of  source  size  and  efficiency, 
operating  range  and  beam  divergence,  translation  capability  and  NEA.  Since  over 
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40  percent  of  the  power  required  for  system  operation  will  be  dissipated  in  the 
sources  and  source  drives,  a significant  reduction  in  required  power  can  be 
attained  by  the  use  of  higher  efficiency  and  smaller  size  sources  * The  process- 
ing electronics  require  approximately  150  watts.  It  is  estimated  that  this  power 
can  be  reduced  by  about  110  watts  in  a complete  integrated  circuit  final  design. 

Weight  and  size  considerations  have  been  made  primarily  on  the  necess  ity 
of  providing  adequate  mounting  of  the  optical  components,  the  prevention  of  excess- 
ive thermal  gradients  in  the  optical  components  and  their  mounting  structures  pro- 
viding adequate  heat  sinking  of  the  sources  and  allowing  for  packaging  of  the 
processing  electronics. 


TRANSMITTER  UNIT 
WEIGHT 

COMPONENT  POUNDS  SIZE  - INCHES 

Optical-Mechanical  10-1/2  5-5/8"  Dia.  x 6-3/8"  long 

Electronics  1/2  4-3/4"  Dia.  x 2"  long 


COMPONENT 


Optical-Mechanical 

Electronics 


RECEIVER  UNIT 
WEIGHT 

POUNDS  SIZE  - INCHES 

12-1/2  5-5/8"  Dia.  x 4-3/8"  long 

1-1/2  4-1/2"  Dia.  x 2-1/2"  long 
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8.0  BRASS BOARD  DESIGN 

8 . 1  Preliminary  Design  and  Analysis 

8.1.1  System  Analysis 

OAMS  is  basically  an  open  loop  measuring  system  which  incor- 
porates a number  of  closed  loop  subsystems  to  maintain  stable  parameters  or 
calibration  of  the  complete  system. 

The  analysis  of  the  system  consists  of  the  derivation  of 
the  open  loop  system  equation  expressing  the  effect  at  the  output  of  all  fore- 
seeable system  disturbances  or  perturbations.  Next,  each  subsystem  control 
loop  is  analyzed  in  its  efficiency  in  reducing  the  perturbations. 

The  initial  analysis  concerns  the  roll  channel,  since  it  is 
the  most  basic  of  the  three  channels  and  its  extension  to  the  two  lateral  channels 
is  straightforward. 


8.1.2  System  Equation 

The  polarization  orientation  of  the  two  transmitter  beams 
emerging  from  the  Wollaston  prism  are  assumed  to  be  horizontal  and  vertical. 

The  corresponding  power  (watts)  at  the  receiver  entrance  pupil  are  denoted  by 
Ijj  and  Iv,  respectively.  The  orientation  of  the  receiver  Wollaston  prism  at  null 
is  assumed  to  be  45°  relative  to  the  transmitter  prism;  see  figure  8-1.  The  light 
received  by  a detector  from  each  of  the  transmitter  source  is  equal  to  the  received 
flux,  IH  or  I , times  the  cosine  squared  of  the  angle  between  the  source  and  the 
detector  axis.  The  detector  outputs  (amps),  0^  and  O2,  can  be  expressed  as  follows, 
where  R is  the  detector  responsivity,  (amps /watt): 


Det.  #1  = 01  = R1Ivcos2(8r445°)  + R1IHcos2(0R-45°) 
= %R^(Ijj+Iy)  + ^R^(Ijj-Iy)sin  29r 

Det.  #2  = 02  = R2Ivcos2(6R-45°)  + R2IHcos2(0R445°) 

= ^2(VV  = ^dn-ysin  20r 


ft 
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Figure  8-1.  Transmitter-Receiver  Polarization  Orientations 

Ideally,  the  responsivities  of  the  two  detectors  shouid  be 
equal.  However,  to  account  for  small  variations,  the  following  notation  will 
be  used; 


%”^1  = AR  and  R]_  = R 
The  detector  outputs  are  then: 

= (IH+IV)  + (Ih_1v)  sin  29R 

R 


20. 

— - = (Ih«v)  - dlt-Iv)  20r  + S 
- (1+V  |(IH+IV>  - (IH-1V)  sin  20r 
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The  quantity,  S ,is  the  detector  unbalance  error  signal  expressed  in  terms  of 
the  percent  difference  in  responsivities,  (AR/R)  x 1007.: 

S * nR  [<  W ■ <W  sin  20r] 

nR=  AR/R 

The  OAMS  signal  processing  requires  the  use  of  the  difference  and  the  sum  of 
these  two  detector  output  signals.  This  difference  and  sum  will  be  denoted  by 
A and  2,  respectively.  They  are: 

A = 0^-02  2 = 0j+02 

= 2(Ij{“Iy)  sin  20r  -S 
= (2+Hr)  (Ih-Iv)  sin  20R-nR  (IH+IV) 

|£  = 2(Ih+Iv)  -+S 

= (2+1r)  <W  " Hr  (W  s^n  20R 


In  OAMS  each  of  the  sources  are  sinusoidally  modulated  180  degrees  from  each 
other: 


Iv  = [l-misinwt] 

Ir  =*  %l2  I l+m2sin(wt+6)] 

where  and  tr^  are  modulation  indices  and  i represents  a phase  error  in  the 


modulation.  On  making  the  substitutions: 

AI  - I2“I^ 

II  = 1 

Hj  = AI/I 

Am  = m2-mi 

= m 

Hm  = Am/m 

one  obtains 

ly  = ^I(l-ro  sinwt) 

Ir  = %I(l+m  sinwt)  + ^mlE 


mIE  =AI  + ( IAm4AIm-fAIAm)  cosf>  sin  wt 


+(I-tAI)  (nrtAm)  sin  6 coswt 


-mI(l-cos6)  sinwt 

1 n 

E = ~nI  +(rlj+Tlm+MIrlra)  cos6  sinwt 
+(1+^)  ( l*H1m)  sin6  coswt 
• (1-cos  6 ) sinwt 

= | It  + P sinwt  + Q coswt 
m * , 
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where 


Also 


n =4R 
R R 

* -41 

^1  “ X 

ti  = 4S. 
m 

p = ^nI+%j+rliTlm)  cos6  ‘ (l-cos6> 
Q = (1-V  (1-HT,,,)  sin6 


(Ijj-Iy)  = ml (sinwt  +^E) 

(IH+Iy)  = I(l+%mE) 

The  difference  and  sum  signals  then  become 


|4  = mI(2+nR)(sinwt+%E)  sin  20R-rlRI(l+%mE) 
|5=  I(2+nR)(l+%mE)-mnRI(sinwt+^E)  sin  29R 


On  substituting  for  E, 

E a + P sinwt  + Q coswt 
The  differences  and  sum  signals  become 

|£»ml  [(2+riR)  (1+J;P)  sin  26R-%nRP  ] sinwt 

+ ml  [(2+TlR)%Q  sin  20r-^t]rq  ] coswt 
+ ml  [(2+^)^  sin  20r  - ~ (nR)a+^x)] 

= i [(2+nR)(i+%nI)  - %nRni  sin  20RJ 

+ I f(2+iln)  %mP  - mr]R(l+.jP)  sin  20R  ] sinwt 
+ I ((2+^)  VQ  " VnR  Q sin  20r  j coswt 
The  difference  and  sum  signals  can  now  be  written  as 

^•4  * mlA  sinwt  + mIC  coswt  + mIF 
R 

— = IB  + ID  sinwt  + IG  coswt 
R 


where  the  values  of  A,  3,  C,  !>,  F,  and  G can  be  found  from  the  two  preceding 
equations. 
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A system  block  diagram  consisting  of  the  pertinent  electronic 
processing  elements  is  shown  in  figure  8-2.  Amplifier  represents  the  total 
gain  of  the  preamplifiers  and  the  differential  amplifier.  The  blocking  capacitor 
will  remove  the  E.C,  component  of  the  difference  signal.  This  difference  signal 
then  becomes  the  dividend  signal  for  the  divider.  The  sum  signal  is  amplified 
by  a low  pass  active  network  of  D.C.  gain  K^.  The  active  filter  attenuation 
at  the  signal  frequency  will  be  denoted  by  n(w) . The  D.C.  portion  of  the  sum 
signal  becomes  the  divider  signal  to  the  dividing  module.  The  signal,  V', 
emerging  from  the  divide^  is 

Kl(]0  AC  _ ml  [ A sinwt  + C coscat] 


V' 


K2(P 


DC 


= all 


B+h0  D sinwt  + h(w)  C coswt] 


It  it  is  assumed  that  the  low  pass  filter  in  the  sum  circuit  has  sufficient 
high  frequency  attenuation. 


h(w)  * 0 


and 


— V*  = m sinwt  + m £-  coswt 
Kx  B B 


For  the  present,  it  will  be  assumed  that  the  synchronous  demodulator  will  detect 
only  the  sinwt  signal  and  ignore  the  quadrature  component  m £ coswt.  The  out- 
put of  the  demodulator,  V,  can  then  be  represented  as 

— V = m A/B 

K] 

(2+nR)  (1+fcP)  sin  20r  + P 
= m (2+nR)  (i+h\)  - sin  2 eR 


where 

P = (Hj  +iim  + Hjljj,)  cos  6 - (1-cos  6) 

This  can  be  written  as 


*2 

K1 


V 


m 

i+*(nr*) 


m 'iR  r 

sin  20R  - r 

R 2(2+nR)[i+^(nI-*)] 


nRnt  sin  20R 

(2+V 


Let 


[l+u]  sin  20R  - mv 


t 
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where 


u - _I+& - 1 

l+fcOV*) 

P-Hj+4 
“ 2+^-4* 

"nP 

v _ _R 

" (2+nR)  (2+n  -«) 


exact 


exact 


P = (ri i+r|m+r'ir'm)  cos6  " (1-cos* ) 


The  first  term  of  amplitude  1 -t-u  represents  the  amplitude  of  the  desired  signal. 
If  this  term  differs  from  unity,  0,  the  result  is  a change  in  scale  factor. 
The  percent  change  in  scale  factor  or  percent  change  in  angular  reading  is 
therefore  ux  100%. 


The  second  term  of  amplitude,  v,  represents  an  output  signal  when  the  input 
angle,  6,  is  zero.  Therefore,  the  amplitude  of  this  term  represents  a shift 
in  the  position  of  null.  The  angular  shift  in  null, A0,  is  given  by 

m sin  2A9R  = mv 


A8r 


%v 


Assuming  the  electronics  can  maintain  a constant  phase  relationship  between  USD 
signals,  i*  0,  then 

"»+4 


u = 


v = 


exact 


4» 


2+nI-<i> 

r>R(nl'l'r|m"1Inm) 

(2+1R)(2+n.-4>) 

2Jk  = %nRnl(i-%ilR)  Sin  2eR 


(2+nR) 

If  only  second  order  terms  are  retained,  <$  = 0,  and 


U = ¥lm-Vlmni 

V = ^V’lx+V 

If  first  order  terms  are  retained 
u = 

V » 0 


2nd  order 
2nd  order 

1st  order 
1st  order 


given  by 


8.1.3  Analysis  Review 

The  chauge  in  scale  factor,  u,  and  the  shift  in  null,  v,  are 


u * Hn(l-*V 

V * *VW 

and  the  two  LED  light  signals  are 

lEDf  * I^CLhn^sin  t) 

where'll,  and^y  are  the  fractional  differences  between  the  intensities  and  the 
modulation  indices  of  the  two  USD's: 

« ll  ‘ X1  * = *2  ' “1 


It  can  be  seen  that  the  change  in  scale  factor  i , is  (to 
1st  order)  a function  only  of  the  difference  in  modulation  index  between  the 
two  USD's.  In  other  words  it  is  important  to  maintain  the  same  ratio  of  A.C. 
drive  signal  to  D.C.  drive  signal  for  each  LED,  i.e.,  mi  = m2  oriym  = 0.  If 
this  ratio  is  maintain  the  same  in  each  USD,  then  the  scale  factor  will  remain 
unchanged  even  if  the  relative  intensities,  Ii  and  I2  of  the  two  LED's  change 
drastically.  By  obtaining  the  two  USD  drive  signals  from  the  same  source  as  shown 
schematically  in  figure  8-3,  a control  dircuit  to  maintain  the  A.C.  signals  to  the 
LRD's  or  to  control vym,  is  unnecessary. 

In  this  case  the  A.C.  and  the  D.C.  components  of  the  two  USD 
signals  are  derived  from  the  same  source,  and  hence  the  modulation  index  is  the 
same  in  each  case.  This  situation  is  presently  maintain  in  the  phase  one  elec- 
tronics, although  the  details  of  the  actual  circuit  differ  from  that  of  figure  8-2. 

It  is  estimated  that  the  modulation  indices  can  be  maintained 
easily  to  within  0.17.,  or  = ,001.  This  would  correspond  to  a change  in  scale 
factor  (l/2)i\m  or  0.9  arc  seconds  error  at  a full  scale  reading  of  1800  arc  seconds. 

Next,  consider  the  shift  in  the  null  position,  v.  Assuming 
that  the  modulation  index  is  maintain  constant,  the  shift  in  null  is  given  by 

A6  = %v  = (l/S^j 

The  shift  is  proportional  to  the  product  of  the  detector 
imbalance  and  the  amplitude  of  the  1£D  signal.  It  should  be  remembered  that 


represents  the  received,  light  unbalance.  Two  circumstances  are  envisioned  which 
would  change  the  relative  levels  of  the  received  light:  1)  due  to  aging,  or  some 
other  cause,  the  conversion  efficiency  of  one  LED  would  change  more  than  the  other, 
2)  the  light  intensity  pattern  of  each  LED  would  be  different  at  the  receiver. 
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Worst  case  considerations  allow  a possible  estimated  10/j 
variation  in  IED  intensities.  The  detectors  in  OAMS  are  presently  matched  to 
1%.  This  situation  creates  a shift  in  null  of  approximately 

A0  -(l/an^!  =(l/8)(.01)(.l) 

* 1.25  x 10 "4  rad 

* 25  arc  seconds 

This  error  can  be  reduced  by  either  of  two  methods,  each 
of  which  involves  the  use  of  a control  loop  to  adjust  circuit  parameters.  One 
method  is  to  monitor  and  adjust  the  detector  unbalance }rj  — o.  The  second 
method  and  the  most  practical  is  to  monitor  and  adjust  the  relative  amplitudes 
of  the  two  LED  signals,  — 0.  This  is  described  in  the  next  section.  If 
both  detector  unbalance,  qR,  and  IED  unbalance  Dj  can  each  be  maintained  to  17„, 
the  maximum  shift  in  null  would  be 

A0  * 1125  x 10"5  rad 

= 2.5  arc  seconds 


8.1.4  IED  Intensity  Control  Loop  - General 


is  of  the  form 


The  drive  currents  and  the  light  output  of  each  of  the  IED's 


LEDi  * I^(l-hn  sinwt) 

LED2  - l2(l"m  sinwt) 

Here  it  is  assumed  that,  except  for  the  180°  phase  shift,  each  of  the  signals 
is  derived  from  the  same  source,  and  therefore  the  ratio  of  A.C.  to  D.C.  cur- 
rent, m,  is  the  same  in  each  1ZD.  However  1^  and  I2  are  functions  of  IED 
efficiency  and  of  position  in  the  transmitter  field  of  view,  and  are  therefore 
subject  to  variations.  It  is  the  requirement  of  the  LED  control  loop  to  vary 
one  of  the  IED  signals  such  that  the  light  amplitude  of  each  of  the  LED's,  as 
measured  at  the  receiver,  are  equal,  i.e., 

1^  * I2  and  Hj  = 0 at  the  receiver  aperture 

This  is  accomplished  in  the  following  manner.  It  will  be  noted  from  the  pre- 
vious section  that  the  sum  signal  in  the  receiver  contains  an  A.C.  component 
of  magnitude 


where 


L = ^RID  sinwt 
AC 


D * *s(2+nR)  mP-mqR(l+^P)  sin  20R 

* V [(2+VDr  sin  29R>  ^I+V^lV  * 2\  sin  20r) 
Considering  only  first  order  terms  and  assuming  qm  = 0 

D = mdx+V 
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Therefore,  the  A.C.  component  of  the  sum  signal,  2,  is  proportional  to  the  LED 
urbalance . 


SAC  = %m8I11I 

This  signal  is  used  as  a control  signal  to  vary  the  ampli- 
tude of  the  drive  current  to  one  of  the  LED's  until  2 = 0,  at  which  point 

the  IED  intensities  will  be  balanced  (as  seen  by  the  receiver) . 

A detailed  description  and  analysis  of  the  control  loop  is 
contained  in  the  following  section.  Here,  the  overall  performance  will  be 
discussed. 


Errors  in  the  operation  of  the  control  loop  will  occur  due 
to  the  fact  that  in  the  second  order  approximation,  other  circuit  imbalances 
can  also  contribute  to  the  A.C.  component  of  the  receiver  sum  signal.  For 
example,  to  second  order,  the  A.C.  component  of  the  sum  signal  is 


2ac  = ^mRKni+A^i'lR  - \ sin  20R) 

The  important  term  is  the  last  term,  since  it  represents  the  minimum  value  of 
the  control  signal.  Assuming  the  following  system  parameters: 


9max  * *0175  * 10 
nR  = *01 

the  last  term  becomes 


nR  sin  20r  = 1.75  x 10 '4 


Therefore,  the  LED  control  loop  cannot  balance  the  IED's  to  an  accuracy  greater 
than 


I minimum 

this  represents  a null  shift  of 


1.75  x 10  "4  = 


.01757. 


A0  » = 1/8^3. 

=(1/8) (.01) (1.75  x 10'4) 

= .2?  x 10"6  rad 
= 0.045  arc  seconds  at  0 = 1° 

It  will  be  shown  that  the  error  in  the  lateral  channel  IED  control  loops  is 
the  same. 
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8.1.5  IED  Intensity  Control  Loop  Analysis 

The  OAMS  LED  control  block  diagram  is  shown  in  figure  8-4. 
The  system  clock  oscillator  provides  the  two  A.C.  drive  signals  to  the  LED's. 
The  D.C.  bias  through  the  IED's  is  obtained  from  a reference  voltage.  The 
modulation  index  of  each'lED  signal  is,  therefore,  identical,  even  though  the 
efficiencies  of  the  LED's  may  differ. 

LED  number  one  receives  the  drive  signal  through  a divider 
module.  This  divider  is  used  as  a variable  gain  amplifier  in  which  the  gain 
is  proportional  to  a control  signal  at  the  divisor  input. 

The  control  signal  is  derived  from  the  system  sum  signal, £ , 

fcRI  (B+D  sinwt) 

The  sum  signal  is  synchronously  demodulated  and  filtered  to  provide  only  a D.C. 
signal, e , equal  to 

e = control  signal 

« %k3  rid 

* %K3  RImTJj 

where  K3  is  the  control  loop  gain. 

The  drive  signal  to  the  final  LED  is  then 

K^b(l-m  sinwt) 

C + « 

where  C is  the  D.C.  offset  voltage  applied  to  the  divisor  input  of  t •>  divider 
module.  This  prevents  division  by  zero  when  17 ^ = 0,  and  sets  the  oj.  rating 
points  for  the  LED.  The  constant  is  the  basic  divider  gain,  i.e.,  K^=10.0. 

Since  the  control  signal  is  small,  the  approximation 


1 + X 


= 1-X 


can  be  used,  and  the  IED  drive  signal  becomes 

K^b  fyb 

——  (1  - m sinwt)  - « (1  - m sinwt) 

C w 


= steady  state  signal  + control  signal 

The  use  of  the  divider  in  the  control  circuit  introduces  m 
additional  loop  gain  of  b/c  . The  system  can  now  be  represented  by  a linear 
system  in  which  the  divider  is  replaced  by  a summation  and  an  additional  loop 
gain  of  b/c*. 
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Considering  only  changes  from  a perfectly  balanced  LED 
system,  it  can  be  seen  that  a change  in  USD  1 signal  amplitude  dV2  causes  a 
change  in  the  receiver  sum  signal  d£  . In  general  the  system  can  be  represen- 
ted  by  block  diagram,  figure  8*5. 


»2 


X/f 

Xvl 

d2  = 


M “ %RIr 

Figure  8-5.  Open  Loop  System  Block  Diagram 


The  light  intensity,  Ir,  contains  the  subscript  to  denote 
that  it  is  the  received  light  intensity  which  is  to  be  used  in  this  expression. 
The  open  loop  transfer  function,  M,  consists  of  the  product  of  such  factors  as 
USD  efficiency,  detector  responsivity,  optical  transmission  and  most  importantly 
a function  of  range . since  range  will  also  affect  the  received  ?;.ght  intensity. 
Therefore,  for  most  OAMS  applications,  M,  is  a variable . 


The  open  and  closed  loop  systems  and  their  respective  A.C. 
sum  error  signals  are  shown  in  figure  8-6. 


dV 


M 


> Xol  = MdV 


dV 


~>  Xcl 


M 


1 + KfL 


Figure  8-6.  Open  and  Closed  Loop  System  Block  Diagrams 

The  reduction  or  improvement  in  the  error  signal  is 


USD  Control  Loop  Effectiveness  = —c_l  = ^cl 

2-ol  Am0i 


1 + K3  K4  M 


where  it  must  be  remembered  that  the  system  transfer  function  M is  a variable, 
depending  on  LED  and  detector  efficiencies  of  transmitter-receiver  separation. 
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Determination  of  M 


The  value  of  M for  a given  range  will  have  to  be  determined 
experimentally  by  circuit  voltage  measurements.  With  the  feedback  loop  dis- 
connected, the  two  IED  drive  signals  are  adjusted  until  a zero  A.C.  sum  signal 
is  obtained.  The  A.C.  drive  voltage  to  LED  #2  is  then  measured  and  recorded. 
Next  a deliberate  I£D  offset  is  introduced  by  changing  the  LED  #2  drive  signal, 
and  recording  the  magnitude  of  the  resultant  A.C.  sum  signal.  The  value  of  M 
is  therefore 

change  inZ d2 

^ ~ change  in  U!D  #2  drive  voltage  ~ 3V£ 

A close  approximation  to  M can  be  obtained  by  simply  taking 
the  ratio  of  the  D.C.  sum  signal  to  the  sum  of  the  D.C.  components  of  the  LED 
drive  signals. 


In  general  M will  be  around  unity,  e.g.,  0.5  to  5.  The 
value  of  M needs  to  be  found  for  only  one  transmitter/receiver  operation.  The 
values  at  other  separations  can  be  approximated  by  using  the  inverse  square 
law.  Also,  since  M is  small,  a relatively  high  loop  gain,  K3  K^,  is  rer  lired 
to  significantly  reduce  the  LED  imbalance,  i.e., 

■ iTk3  % M 

K3  M»1 

8.1.6  Extension  of  Analysis  to  Lateral  Channels 

In  the  lateral  channels  the  light  incident  on  each  detector 

is  given  by 

0i  = [^Ij^(l+sin  ka)  + \ Iy(l-sin  ka)] 

^2  = R2  ka)  + \ Iy(l+sin  ka)] 


i 

t 

i 

i 

I 


where 

R = detector  res pons ivity 

k = optical  gain  of  angle  sensing  crystal 

a = relative  angle  between  transmitter  and  receiver  angle 
sensing  crystals 


Let 

and 


R2*Rj  ~ AR  R^  15  R 

7,  = AR  = R2  " R1 

R ~ R Rx 
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The  detector  signals  become 


20t 

— i = dH+IV>  + <IH"1V>  sin  ko 
R 

20 

— — - (IH+IV)  - (IH-IV)  sin  ko  + S 
R 

where 

s - rjR  [(IH+IV)  - (IH-IV)  Sin  ko] 

This  is  exactly  the  same  form  as  the  equations  for  the  light 
on  the  roll  channel  detector,  except  that  the  angular  argument,  20R,  is  replaced 
by  ko  . Therefore,  after  making  this  substitution,  the  lateral  channel  error 
analysis  becomes  identical  to  the  roll  analysis. 

The  lateral  channel  output  is 

K2  . . 

— V = m ll+ujsin  ko  - mv 

Kl 

vhere,  as  before 

P-^t+  $ 

U ~ 2 4* 

V 

V (2+^(2+^ -4>) 

P = Wl+V^lV  cos6 
sin  ka 
*“  (2+V 

Or,  if  only  second  order  terms  are  retained, 

u = Hn  ’ * *>m 

v = knR(vi+-%) 

4>  = 0 

The  change  in  output  scale  factor, u , is  just  as  dependent 
on  the  modulation  index  on  the  roll  channel,  i.e.,  one-percent  variation  in 
indices  is  equivalent  to  one-half  of  one  percent  change  in  scale  factor  or  9.0 
arc  seconds  error  at  1800  arc  seconds.  As  discussed  in  the  roll  channel,  the 
modulation  index  for  the  LED's  can  be  easily  maintained  to  within  0.17,  or  less 
than  one  arc-second  error  at  1800  arc  seconds. 
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The  shift  in  null  positton,Ao  i is  found  by 
a sin  kAo*  rav 

AoslaJL± 

k 4k 

The  null  shift  in  the  lateral  channels  is  less  than  the  shift  in  the  roll 
channel  by  a factor  of  (1/2)K~30  for  OAMS. 


Therefore,  assuming  an  initial  detector  offset  of  one  percent 
and  an  LED  unbalance  of  10  percent,  the  shift  in  null  would  be 

Ao  = (4)  (30) 

= 0.85  x 10-5  rad 
= 1.75  arc  second;; 

The  requirement  for  an  LED  intensity  control  loop  in  the  lateral 
channels  is  marginal.  However,  if  an  LED  intensity  control  loop  is  incorporated 
into  the  lateral  channels,  the  minimum  unbalance  then  can  be  achieved  (as  cal- 
culated for  the  roll  channel)  is 

assuming  amax  = .0175  = 1° 

\ " -01 
k = 60 

\ ,<aimum  " \ sin  k amax  < (1 .01)  (60)  ( .0175) 

This  represents  a uu.il  shift  of  less  than 


*•-5- 


W min 


4k 

„ Hr  (tjr  ka  max) 


«max 


= same  as  roll  channel 


= .045  arc  seconds 


The  LED  intensity  control  loop  in  the  lateral  channels  has 
approximately  the  same  ultimate  accuracy  as  that  of  the  roll  channel,  i.e., 

S .045  arc  seconds.  Due  to  the  dependence  on  a , this  error  is  actually  a 
scale  factor  error,  and  .045  arc  seconds  error  is  the  error  at  1°. 
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8.1.7  Background  Illumination  and  Detector  Noise  Considerations 

Assuming  a background  light  intensity  IB  entering  the 
receiver  aperture.and  two  detectors  each  having  a noise  equivalent  power, 
N(f,Af)  watts /Hz  , the  output  of  each  detector  will  be: 

O'  = 01  + %RlIB  + RiIn 

°2  " °2  + ^r2IB  + Vh 

where  . 

IN  = N(Af)*  = IN(f,  Af) 

When  the  difference  and  the  sum  of  the  two  detectors  are 
taken,  the  resultant  noise  power  will  be  the  cum  of  the  squares  of  the  noise 
power  output  of  each  detector.  The  difference  and  sum  signals  will  be 

A'  = A + %IB(RrR2)  + IN  R^  + R* 

r'  = £ + ^(R^R.,)  + IN  R^  + R^ 

The  output  of  the  divider  circuit  will  be 

A AC  _ AAC  4-  INA^R1  +R2 

^DC  ^DC  ^T^T7*V^R2> 

The  different  subscripts  on  I-  illustrate  that,  due  to 
different  bandwidths  and  center  frequencies  in  the  summation  and  difference 
electronics,  the  noise  will  be  different  in  each  case.  The  bandwidth  of  the 
difference  amplifier  circuit  is  in  the  tens  of  kilohertz.  The  summation 
amplifier  circuit  contains  a D.C.  low  pass  filter  of  10  Hz  bandwidth.  There- 
fore, the  two  noise  voltages  will  be  different. 

The  divider  output  can  be  simplified; 


where 


^AC  - ^RIA  sinwt  + 1^AV^R1+R2 

rDC  ^rib+I^j/rJ+R*  + UyVV 

mA  sinu-t  + 277^^/ 1+(  1+^)  ^ 

B + 2T7N^/l+(  1+  tjr)^  + rjB  ( 2+tjr) 

y,  _ _ background  intensity 


^NA  1 


I signal  intensity 

^NA  _ equivalent  A noise  intensity 
I signal  intensity 


7?n_.  = NZ  = equivalent  Z noise  intensity 
I signal  intensity 


8.1.8  Noise  Evaluation 

For  the  moment,  assume  that  the  background  illumination  is 

zero,  Ig  = l]R  **  0,  and  that  the  detector  noise  is  small  compared  to  the  D.C. 

sum  signal,  n._.,  B.  The  output  of  the  divider  is  then 

N2. 


!££L  a ni  f sinoit  + 


2^anA+(1^r) 


I- 


=[ml 


sinu/t'  + t „A  I l -cN2 


Since 


A»2  sin  K } B®2}  end  ^ Q > 


sin  K<x  sinwt  + «» 


The  noise  in  the  sum  circuit,  creates  a fractional 

change  in  scale  factor, u , 

„ . . 21Nrv4+<l+V' 


* 

V2  N(f0>  Af0)  (Af0) 


where,  in  OAKS,  the  summation  noise  jLs  evaluated  in  a bandwidth  of  approximately 
10  Hz,  extending  from  zero  Hertz  to  ten  Hertz.  This  noise  term  will  contain 
considerable  1/f  noise  and  will  probably  have  to  be  evaluated  experimentally  for 
each  detector. 

The  noise  in  the  difference  circuit,  « , creates  a random 

shift  in  the  position  of  null,A«  , approximately  equal  to 

m sin  k a * . 


_ *NA 
mk 

_ ^na 

mk 


_ v2  N (fw,  Afw)^fw) 


!?r.  , a 


In  this  c.*se  the  noise  is  evaluated  in  a bandwidth, A fw,  centered  at  the  system 
oscillator  frequency  fw.  In  general  this  noise,  for  equal  bandwidth,  will  be 
much  less  than  the  noise  in  the  sum  signal  since  it  does  not  contain  the 
low  frequency,  1/f,  noise.  This  noise  can  usually  be  accurately  predicted  from 
vendor  data  on  NEP,  however,  it  is  better  to  also  measure  this  in  the  system 
to  account  for  any  other  noise  sources,  i.e., 


:l 


^1^111 


'NS 


noise  voltage  in  S signal  x I. 
average  D.C.  S signal  -f2 


'NA 


noise  voltage  at  filtered  output  of  demodulator  x i- 
average  D.C.  S signal  42 


is 


In  the  OAMS  circuit  the  measurement  of  and  tj  ** 
not  straightforward  due  to  the  different  gains  and  filter  locations  in  the 
processing  electronics.  Figure  8-7  illustrates  the  block  diagram. 


The  noise  in  the  S circuit  is  amplified  by  K^,  filtered  by 
h,(o)  and,  as  shown  in  the  analysis  in  this  section,  becomes  an  amplitude  mod- 
ulating signal  for  angular  information.  This  modulation  caused  by  the  noise 
in  demodulated  and  filtered,  hgCw),  along  with  the  signal.  The  E circuit  noise 
is  therefore  filtered  twice,  and  the  resultant  noise  spectrum  given  by 


(Detector  noise  spectrum)  x h^  (w)  h2  (w) 


or  the  noise  equivalent  power  incident  on  the  detector,  I , given  by  approxi- 
mately 


where  AfQ  is  the  effective  bandwidth  of  h^  (w)  h2  (->) 


The  equivalent  E channel  signal  to  noise  ratio  can  be 
measured  by  measuring  the  signal  to  noise  ratio  at  B in  figure  8-7.  For  this 
measurement  the  connection  indicated  by  the  short  AC  is  made  and  the  A signal 
is  grounded  at  D.  The  signal  then  appearing  at  B is  the  D.C.  Z signal  plus 
the  filtered  noise. 


(S/N)' 


= £N L = ^ 


noise  at  B 
A>c  at  B 


The  difference  signal, A,  is  amplified  by  K.  and  K2,  demod- 
ulated at  the  channel  frequency,  and  the  demodulate^  signal  filtered  by  h^  (w) . 
The  resultant  noise  at  B is,  therefore,  the  amplified  noise  appearing  in  a 
bandwidth, Af. , centered  about  the  system  frequency.  The  bandwidth  is  the 
effective  bandwidth  of  the  demodulator  ana  the  filter  h2  (u>) . 


This  noise  can  be  measured  at  B directly,  since  as  shown 
in  the  analysis,  the  A circuit  noise  causes  a shift  in  the  position  of  null. 

The  signal  to  noise  ratio  at  the  detector  can  obtained  from  the  noise 

measurement  at  B,  since 


Noise  at  B (volts)  = 42  PI 


NA' 


\K2RIy 


1 


= 42 


K1K3 


'NA 


(S/N) 


-1 


= t 


NA 


= 42  T] , 


K1K3 


(Noise  at  B) 
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min 


The  effective  shift  in  null  is 

A a - ^.  ?NA 
oK 

.I 


where 


x (Noise  at  B) 


o KKlK3 

(Noise  at  B) 
(Scale  Factor) 


Scale  Factor  =>  volts /arc  sec  at  B 


* m K KjK-j 


Table  8-1  illustrates  the  noise  measurements  made  on  phase 
one  QAHS  at  a range  o£  25  feet. 

Effect  of  Noise  on  LED  Control  Loop 

From  the  previous  sections,  the  A.C.  component  of  the  sum 
signal  or  the  LED  control  loop  error  voltage  is  (assuming  77  = 0) 

£ac  = s*-n  ) + Noise 

The  noise  is  the  detector  (and  system)  noise  appearing  in  the  zero  to  ten  Hz 
bandwidth  of  the  sum  amplifier  circuit,  which  is 


- 4 v 

= \S  « (fQ/  Afft)(Af0)% 

which  is  predominantly  the  detector  (1/f)  noise. 

The  control  loop  error  voltage  is 
= %mRIHj  + ^raRI(-^j7)R-^R  sin  ko  + 

The  last  term  with  the  parenthesis  is  an  undesired  control  voltage  ana  the 
minimum  possible  value  of  7)^  is 

^1  (minimum)  = " \Ko  + ^NI 

- ^NI  " V» 

Since  the  noise  term  is  of  random  polarity,  the  negative 
sign  should  be  considered  positive  to  indicate  the  maximum  value  of  the  undesired 
control  voltage.  The  error  represents  a shift  in  null  of 

* ^R1^!  £ minimum) 

4K 

= + HR  a 

4K  4 

The  effect  of  the  noise  on  the  control  loop  is  reduced  if  the  detectors  are  matched. 


8-22 


Table  8-1. 

OAMS  Phase  One  Noise 
Range  = 25  Feet 
A Signal 

Measurements 

OUTPUT  NOISE 
mv  (peak) 

W2> 

EQUIVALENT 
NULL  SHIFT 
sec  (peak) 

CHANNEL 

TIME 

CONSTANT 

sec 

PITCH 

+1.5 

1.57  x 10‘4 
-4 

+1.5 

.045 

YAW 

±3-0 

3.03  x 10 

+3.0 

.045 

ROLL 

**+12.0 

3.84  x 10-5 

**+12.0 

**  .63 

♦★Subsequent  system  signal  to  noise  improvements  reduced  noise  on 
roll  channel  and  decreased  time  constant  to  .045. 


F Signal 


^DC 

volts 

^NOISE 
(TO  FREQ) 
mv 

EQUIVALENT 
CHANGE  IN 
SCALE  FACTOR 
+% 

ERROR  AT 
1800  SEC. 
+sec 

PITCH 

-3.814 

+2.0 

3. So  x 

10 '4 

.052 

.93 

YAW 

-2.654 

+1.5 

4.00  x 

i 

o 
«— 1 

. .057 

1.02 

ROLL 

-4.820 

+1.5 

2.20  x 

10  "4 

.031 

.56 

NOTE  1:  Low  frequency  components  - under  2 Hz  predominated  higher  frequency  (grass) 

was  less  than  0.6  mv  rms. 

NOTE  2: 
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Table  8-2.  OAMS  Phase  One  Noise  Measurements 


Range  =5.0  Feet 
A Signal 


OUTPUT  NOISE  ^ 
mv  (peak) 

^NA 

EQUIVALENT 
NULL  SHIFT 
sec  (peak) 

CHANNEL 

TIME 

CONSTANT 

sec 

PITCH 

+1.0 

1.01  x 10-4 

+1.0 

.045 

yaw 

40.5 

5.05  x 10~5 

40.5 

.045 

ROLL 

+3.0 (4) 

1.00  x 10'5 

+3.0<4> 

.045 

T*.045 

R0LL<Z> 

40.5 

1.68  x 10“6 

40.5 

.63 

T«.  63 

L Signal 


^DC 

volts 

^NOISE 

mv 

^ni: 

EQUIVALENT 
CHANGE  IN 
SCALE  FACTOR 

+% 

ERROR  AT 
1800  SEC. 

+sec 

PITCH 

-3.190 

+1.5 

3.32  x 10 '4 

.047 

.85 

YAW 

-3.05 

+0.5 

1.15  x 10 ’4 

.016 

.29 

ROLL 

-12.0(3> 

+2.0 

1.18  x 10"4 

.017 

.30 

NOTE  1:  Low  frequency  components  under  2 Hz  predominated  higher  frequency  (grass) 

was  less  than  0.6  mv  rms 

NOTE  2:  Low  pass  filter  connected  to  system  output 

NOTE  3:  £ amplifier  saturated  at  close  range  - noise  measured  at  edge  of  fov. 

NOTE  4:  Data  was  taken  before  system  improvements  in  signal  to  noise  ratio  of 

roll  channel. 
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Table  8-3.  Summary  of  OAMS  Phase  One 
Random  Errors 


Range 

= 25  Feet 

RANDOM  CHANGE 

TOTAL  NEA 

NEA  AT  NULL 

IN  SCAI£  FACTOR 

AT  1800  SEC. 

PITCH 

+1.5  sec 

+ .052  % 

+ 2.45  sec 

YAW 

*3.0 

.057 

*4.02 

ROLL 

*12.0 

.031 

*12.56 

♦Subsequent  signal 

to  noise  improvements  reduced  these 

figures. 

Range 

=5.0  Feet 

PITCH 

+ 1.0  sec 

+ .047  7, 

+1.85  sec 

YAW 

0.5 

.016 

0.79 

ROLL 

3.0 

.017 

3.30 

T=.045 

ROLL 

0.5 

.017 

0.80 

T-.  63 

NEA  = 

NOISE  EQUIVALENT  ANGLE 

NOTE: 

Predominate  noise  errors  are  due  to  noise 

between  0 and  2 Hz. 

Figures  shown  are  peak  readings  within  an 

observation  time  of 

approximately  10  seconds  on  an  oscilloscope.  Measurement 
accuracy  is  +0.5  mv  peak  due  to  scope  noise. 
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the  scale  factor, 


8.1.9  Background  Illumination 

Assuming  zero  noise,  the  output  of  the  demodulator  is 

Aaq  ^ m sin  ko 

ice  i+*V2+%> 

* m Il-*V2+V>  sin  ka 
= m [1-  u]  sin  ka 

Background  illumination  will  cause  a fractional  change  in 


- (2+\) 


The  fractional  change  in  scale  factor  is  equal  to  the  ratio 
of  background  radiation  entering  the  receiver  aperture,  Ig  (\)  to  the  signal 
radiation,  I,  entering  the  receiver  aperture.  Only  the  background  radiation 
falling  within  the  bandpass  of  the  optical  filter  is  to  be  considered  in  this 
ratio.  The  expected  background  illumination  the  spacecraft  is  expected  to 
be  low  level  and  have  a small  effect  on  the  AGC.  However,  if  higher  levels 
become  a problem  A.C.  demodulation  will  eliminate  the  effects. 


- ^ - 


8.2  Optical  Design 


8.2.1 


The  transmitter  optical  design  is  shown  in  figure  8-8.  An 
objective  lens  is  used  to  collimate  the  light  emitted  from  the  I£D.  One-half 
of  the  light  from  each  LED  is  transmitted  in  the  appropriate  polarization  mode, 
by  the  Wollaston  Prism.  This  linearly  polarized  light  is  then  changed  to  cir- 
cular by  the  quarter  wave  plate.  The  light  from  one  LED  is  right-hand  circular- 
ly polarized  as  it  leaves  the  quarter  wave  plate,  while  the  light  from  the  al- 
ternate IED  is  left-hand  circularly  polarized  as  it  leaves  the  wave  plate. 

These  two  light  f.  rms  are  then  changed  to  elliptical  as  they  pass  through  the 
angle  sensing  crystal  (ASC) . 

In  principle  the  transmitter  optical  design  is  straight- 
forward. A simple  collimator  is  required  to  image  the  light  emitting  area  at 
infinity,  the  focal  length  of  the  collimator  being  adjusted  to  provide  the 
desired  field  of  view  (FOV)  or  angular  beam  spread.  The  design  is  somewhat 
complicated  T the  fact  that  as  a unit,  the  LED's  are  not  Lambertian  emitters, 
and  the  brig..oiess  or  intensity  as  a function  of  angle  of  emission  differs 
greatly  from  unit  to  unit.  Also,  it  has  been  found  that  the  emitting  area  is 
not  of  uniform  brightness.  Dark  spots  are  not  uncommon. 

It  is  possible  to  calculate  the  far  field  intensity  of  the 
LED-lens  combination,  if  the  1£D  brightness  is  known.  However,  this  involves 
numerical  integration  of  the  LED  intensity  pattern.  This  was  done  for  two  of 
the  IED's,  pitch  and  roll  channels,  with  varying  degrees  of  accuracy.  The 
details  are  shown  in  appendix  B. 


The  results  are  summarized  in  figure  8-9.  The  LED  incre- 
mental area,  d^  , and  flux  density  E',  is  imaged  in  the  f^r  field  as  area  dA 
and  flux  density  E.  By  using  geometrical  optical  relationships  and  LED  emission 
parameters  as  shown  in  the  appendix,  the  flux  density,  E,  at  the  receiver  can 
be  calculated: 


E 


!l  GJ«X  1 /_D)2 

« G sirna  \2S, 


where  P<p/A  is  the  average  power  density  over  the  emitting  area,  D is  the  diameter 
of  the  collimating  lens  and  S is  the  range.  The  terms  G (a)/ G (ir/2)  is  the  frac- 
tion of  the  total  emitted  energy  collected  by  the  collimating  lens.  This  is  an 
increasing  function  of  a,  . or  the  angle  subtended  by  the  detector  as  seen  by 
the  lens.  The  term  l/sin2a  represents  a loss  in  flux  density  due  to  the  mag- 
nification of  the  optics.  As  the  focal  length  of  the  lens  becomes  shorter 
(a  increases)  the  energy  from  the  source  is  spread  over  a larger  area,  thus 
decreasing  the  flux  density. 


It  is  seen  that  there  are  two  competing  effects  in  the  optimum 
choice  of  collimator  focal  length  ora  (a  is  proportional  to  1/f).  In  other 
words,  the  collimator  focal  length  must  be  chosen  for  each  LED  such  that 


SIS1 

G(f)- 


1 

sin^a 
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itiM 


^t~,  .**• 


| is  a maximum.  An  additional  constraint  on  the  focal  length  is  that  the  focal 
I length  not  be  so  long  that  the  field  of  view  is  less  than  the  system  require- 
I ment  (approximately  3.0  degrees). 

% 

| The  quantity,  G (a),  must  be  obtained  empirically  for  each 
| LED  and  the  optimum  focal  length  calculated.  Fortunately,  the  function  to  be 
| maximized  is  quite  broad  in  that  it  is  not  strongly  dependent  on  focal  length, 
| ora.  Indeed,  for  a Lambertian  source 

w 


I. 


GJ __L_  = i 

G dfy  sin2a 

and  the  far  field  flux  density  is  independent  of  collimator  focal  length. 

Unfortunately,  the  data  supplied  by  the  manufacturer  is 
usually  not  sufficient  to  calculate  C (a),  and  the  laboratory  equipment  and 
procedure  required  to  measure  G (a)  is  r.o  extensive,  that  it  is  mere  straight- 
forward to  simply  measure  the  far  field  intensity  ^ith  a number  of  different 
focal  length  collimators.  In  most  cases  the  emission  is  Lambertian  to  the 
extent  that  the  selection  of  focal  length  is  not  very  critical,  the  far  field 
intensity  variation  being  around  ten  to  twenty  percent  for  relatively  large 
changes  in  collimator  focal  length.  In  most  cases  the  focal  length  is  deter- 
mined more  by  the  diameter  of  the  emitting  area  and  the  desired  field-of-view. 

In  figure  8-9  is  shown  the  results  of  the  irradiance  cal- 
culations compared  to  the  measured  result  for  two  LEDs.  The  Texas  Instruments 
TI  SLH3  calculation  was  made  with  the  assumption  of  Lambertian  emission.  The 
GE-SSL55C  calculations  were  made  from  measurements  of  G (a)  as  shown  in  the 
appendix. 


In  summary,  the  calculations  and  laboratory  measurements 
indicate  that  an  important  LED  selection  criteria  should  be  Pq-/A  or  the  emit- 
ted energy  density  at  the  emitting  surface.  In  the  case  of  a Lambertian 
emitter  or  an  emitter  in  which  the  brightness  does  not  vary  greatly  (fifty 
percent)  over  the  emitting  area  this  would  be  the  only  criteria.  However, 
some  LEDs  have  been  found  with  vary  greatly  from  a Lambertian  source.  These 
LEDs  have  significant  "dark"  areas  on  the  emitting  surface.  In  fact  some 
of  the  LEDs  are  primarily  edge  emitters  surrounded  by  a circular  reflector 
which  reflects  the  light  forward.  In  such  cases  the  effective  radiating  area 
is  unknown  and  generally  varies  from  unit  to  unit  due  to  very  loose  internal 
tolerances.  In  such  cases  an  approximation  of  the  energy  can  be  made  by  using 
the  average  energy  density  across  the  reflector  (Pj>/7rr2,  r = reflector  radius) 
This  in  general  gives  a conservative  estimate  of  the  available  power  output. 
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8.2.2  Receiver 


The  receiver  optical  design  is  shown  in  figure  8-10  and 
table  8-4  which  gives  the  dimensions  of  the  elements.  The  first  element  is  the 
angle  sensing  crystal  (ASC) . This  element  i,  omitted  in  the  roll  channel  and  is 
replaced  by  a plane  window.  The  angle  sensing  crystal  is  two  millimeters  thick, 
which  provides  an  optical  "gain",  K=60,  at  the  nominal  system  wavelength.  (The 
gain  does  not  vary  significantly  over  the  different  channel  wavelength.  The 
Wollaston-  prism  is  next,  followed  by  an  interference  filter.  Off-the-shelf 
filters  were  selected  for  each  channel  such  that  the  transmission  versus  wave- 
length characteristics  provided  the  least  cross  coupling  between  channels.  The 
elements  up  to  and  including  the  filter  are  plane -parallel  components  having  zero 
power  and  do  not  enter  significantly  into  the  optical  design.  The  system  stop  is 
located  at  the  rear  surface  of  the  objective  lens.  The  preceding  elements  are 
large  enough  so  that  there  is  no  vignetting  over  the  field  of  view,  +1°. 

Emerging  from  the  Wollaston  Prism  are  two  collimated  beams 
separated  by  15°  + 0.5°.  The  piano  convex  lens  and  the  immersion  lenses  (tech- 
nically these  are  secondary  lenses)  image  the  aperture  stop  onto  the  detector. 
This  arrangement  insures  that  the  detector  is  uniformly  illuminated  for  any 
object  position  within  the  field  of  view.  The  details  of  the  objective  and 
imnersion  lens  are  shown  in  figure  8-11  and  8-12. 

The  focal  point  of  the  objective  coincides  with  the  radius  of 
curvature  of  the  imnersion  lens,  and  the  immersion  lens  does  not  introduce  addi- 
tional aberrations  into  the  system,  for  near  on  axis  imagery.  For  moderate  off- 
axis  objects,  the  light  strikes  the  immersion  lens  at  near  norma]  incidence. 

The  spherical  aberration  and  coma  of  the  plano-convex  objec- 
tive lens  is  easily  calculated  from  the  following  equations: 

TSA  - .073  _L_  «=  -».Q73-.(5Q1  - .45  mn 
(F#)3  (2)J 


coma  ■ — — — MBLISOL.  - .0328  mm 

16(N+2)  (F#)Z  16(3.52)  (4) 

0 = 8.5°  - .148  rad 

max 

The  optimum  lens  shape  for  the  objective  should  be  the 
Minimum  Spherical  Shape.  However,  for  an  object  at  infinity  a plano-convex 
lens  with  the  curved  surface  facing  the  infinite  conjugate,  the  spherical 
aberration  is  only  9.0  percent  larger.  The  coefficient  in  the  above  equation 
is  .073  as  opposed  to  .069  for  the  Minimum  Spherical  Shape.  The  coma  of  the 
plano-convex  shape  is  slightly  smaller  than  indicated  in  the  equation. 

As  a rough  estimate  of  the  performance  of  the  system,  one 
can  assume  that  the  spot  size  on  the  detector  will  increase  by  an  amount  equal 
to  the  sum  of  the  spherical  aberration  and  coma.  Since  the  system  is  designed 
about  a nominal  2.0  mm  spot  size  (assuming  perfect  imagery),  the  aberrations 
will  increase  the  spot  size  to  2.49  mm,  which  is  just  within  the  2.50  actual 
detector  diameter. 
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Table  8-4.  OAMS  Optical  Components 


RECEIVER 


COMPONENT 


Wollaston 


Filter 


SIZE 

THICKNESS 

32  mm  dia. 

2.0  mm 

32  oin  dia. 


25  x 25  mm 


27  mm  dia. 


Aperture  Stop  j 13  mm  dia. 


Objective  Lens  27  mm  dia. 


Immersion  Lens  3.66  mm  dia. 


Detector 


2. 5X2. 5 mm 


2%0  mm 


23  mm 


6.0  mm 


C01WENTS 


Roll  onlyyBK-7 


Pitch  and  Yaw  only. 
Quartz 


Calcite,  15° 


~j . 0 mm  I F .L.=50 .mm 


2.25  mm  I R=1.83  mm  I BK-8 


UDT-PIN-50 


TRANSMITTER 


COMPONENT 

SIZE 

THICKNE  3 

Plane  Window 

22  mm  dia. 

2.0  mm 

ASC 

22  mm  dia. 

2.0  mm 

Lens 


Pitch 


Yaw 


Roll 


A/4  Plate: 


Pitch 


Yaw 


Wollaston 


LED 


Pitch 


Yaw 


Roll 


20  mm  dia. 

6.0  mm 

20  mm  dia. 

7.0  mm 

22  mm  dia. 

5.5  mm 

22  ran  dia. 

5.5  mm 

15X15  mm 

20  mm 

F.L.*40  mm 


F.L.-50  mm 


COMMENTS 


Roll  Only,  BK-7 


Pitch  and  Yaw  only. 
Quartz 


Cemented  Mica 
7960A 


8610A 


Calcite,  20° 


T.I.-SLH3  A » 8,000 


T.I.-SLH4  x * 8,600 


G.E.-SSL55C  As  9,500 


All  optics,  except  detector,  LED  and  immersion  lens,  are  coat  d for  less 
than  1.57.  reflection,  0.8  to  0.95  microns. 


However,  the  situation  is  actually  much  better  than  indicated 
by  the  rough  estimate,  as  long  as  the  spherical  aberration  of  the  objective  lens 
is  under -corrected.  If  the  marginal  focus  of  the  objective  lens  is  placed  at 
the  center  of  curvature  of  the  immersion  lens,  all  of  the  light  from  the  objec- 
tive lens  will  fall  within  the  design  diameter  of  2.0  ram  on  the  detector. 
Spherical  aberration  in  the  objective  would  in  effect  cause  only  a slight  re- 
distribution of  light  within  the  2.0  mm  circle.  The  extra  0.5  mm  design  margin 
is  considered  to  be  more  than  ample  to  accommodate  manufacturing  tolerances. 


8.2.3  Off  Axis  Imagery 

The  coma  of  the  objective  lens,  as  shown  by  the  preceding 
calculations,  is  negligible  in  comparison  to  the  spherical  aberrations  and 
detector  size.  Therefore  it  is  sufficient  to  consider  only  the  on-axis  configur- 
ation shown  in  figure  8-13.  In  the  figure  are  shown  the  results  of  a ray  trace 
for  the  upper  and  lower  marginal  rays  from  the  objective  lens.  The  object  is 
at  infinity  and  1.0  degrees  from  the  system  axis.  These  rays  strike  the  detector 
at  radii  of  1.004  and  .645  mm  respectively.  Hence,  even  for  off-axis  objects 
the  light  still  falls  within  the  nominal  design  radius  of  1.0  mm  for  the  detector. 


The  above  discussion  assumed  the  use  of  an  immersion  lens  in 
which  the  detector  is  bonded  onto  the  rear  surface  of  the  lens.  However,  the 
detectors  used  in  OAMS,  UDT-PIN-5D,  were  mounted  within  a T0-5  can  with  a nominal 
0.050  (-0  +.016)  inch  thick  cover  glass  for  protection.  The  actual  detector  sur- 
face is  positioned  .107  + .012  inches  below  the  inside  surface  of  the  cover  glass. 

To  account  for  the  cover  glass  thickness  and  the  air  space,  the  ideal  immersion 
lens  thickness  was  shortened  to  that  shown  in  the  table.  The  immersion  lenses 
were  bonded  to  the  detector  cover  glass  with  Summer's  Lens  Bond,  type  M-62. 

A difficulty  can  be  anticipated  in  this  arrangement  due  to 
the  relatively  loose  tolerances  on  the  detector  cover  glass  and  spacing.  Indeed, 
the  manufacturer  indicated  that  the  type  of  glass  was  left  to  the  discretion  of 
their  supplier.  A number  of  detector  cover  glasses  received  by  Chrysler  could  be 
seen  to  have  distinct  curvatures.  The  loose  detector  tolerances  caused  considerable 
difficulty  in  initial  alignment. 

The  goal  in  the  alignment  procedure  was  to  maintain  the  light 
intensity  on  the  detector  constant  to  within  one-percent  as  the  transmitter  was 
moved  within  the  receiver  field  of  view.  Because  of  the  uncertainty  in  the  sep- 
aration and  thickness  of  the  components  in  the  ' >-ector-immersion  lens  assembly, 
the  goal  could  not  be  met  without  reducing  the  aperture.  In  future  instruments 
the  cover  glass  should  be  specified  within  closer  tolerances  or  ideally  removed 
entirely.  In  the  present  system  this  alignment  trade-off  between  field  of  view 
uniformity  and  aperture  size,  resulted  in  a 40  to  50  percent  intensity  reduction. 
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Summary  of  Receiver  Ray  Trace  Results 


8.3  Mechanical  Design 

8.3.1  Mechanical  Design  - General 

Three  assemblies  are  required  for  the  sensor,  a transmitter, 
a receiver  and  electronic  unit,  the  units  being  positioned  remote  to  each  other 
as  shown  in  figure  8-14.  The  transmitter  and  receiver  mechanical  assemblies 
are  shown  in  figures  8-15  and  8-16.  These  assemblies  each  contain  an  optical 
package  and  an  electronics  package;  the  electronics  package  can  be  removed  from 
the  optical  package  without  changing  any  optical  component  alignment. 

The  transmitter  and  receiver  assemblies  are  hermetically  sealed 
and  the  sealed  containers  will  be  purged  with  an  inert  gas  prior  to  filling  to  a 
low  pressure.  Therefore,  components  of  the  transmitter  and  receiver  assemblies 
would  not  be  exposed  to  space  vacuum  conditions.  This  will  prevent  an  outgassing 
from  surrounding  components  or  from  the  optical  components  themselves  to  affect 
the  quality  of  the  optical  components.  Outgassing  on  lens  and  angle  sensing  crys- 
tal faces  would  cause  linage  blur  and  light  transmission  loss. 

The  reference  surfaces  (optical)  are  aligned  with  an  autocolli- 
mator for  the  transmitter  and  receiver  assemblies.  The  two  assemblies  are  clamped 
to  their  respective  reference  platforms  or  positions,  and  autocollimated  to  each 
other  to  give  a parallelism  accuracy  between  the  reference  surfaces  of  +0.001  inch. 

The  required  thermal  stability  that  is  necessary  to  obtain  the 
accuracy  of  alignment  is  provided  in  the  mechanical  and  structural  configuration. 
This  configuration  has  characteristics  that  allow  a single  unit  construction  match- 
ing capability.  The  multi- component  mounts  are  positioned  in  cylindrical  holders 
to  ease  the  optical  axis  alignment  problem.  The  thermal  control  of  the  sensor  is 
accomplished  by  passive  methods  using  the  structural  material  (aluminum  alloy)  and, 
if  needed,  thermal  coatings  to  give  the  derived  amount  of  conduction  and  radiation 
as  a means  of  heat  transfer. 

The  angle  sensing  crystals  which  are  the  critical  optical  elements 
are  so  constructed  that  the  two  axes  that  are  90°  apart  have  the  same  thermal  grad- 
ient. Therefore,  the  temperature  range  requirement  will  have  no  effect  on  the  angle 
sensing  crystal  measuring  stability,  provided  that  the  elements  of  the  angle  sensing 
crystal  are  mounted  together.  This  assures  a uniform  distribution  of  temperature. 

8.3.2  Transmitter  Design 


The  main  transmitter  housing  is  bored  out  from  a one  piece  block 
of  aluminum,  into  which  the  angle  sensing  crystals  are  hard  mounted  for  the  three 
channels.  The  shoulder,  to  which  the  angle  sensing  crystals  are  butted,  have  been 
machined  and  lapped  to  8-12  micro  inches,  into  this  shoulder  is  the  "0"  ring  groove 
which  allows  the  compression  of  the  "0"  to  completely  fill  the  volume  of  the  groove 
when  the  angle  sensing  crystal  bottoms  on  the  housing  shoulder.  Behind  the  angle 
sensing  crystal  is  the  quarter  wave  plate,  spaced  between  these  elements  is  a 
teflon  shim  or  washer.  This  subassembly  is  clamped  together  by  a threaded  lock 
ring.  The  complete  assembly  is  backed-up  by  a wave  spring  washer.  The  amount  of 
compression  that  is  applied  to  the  complete  assembly  through  the  wave  spring  washer 
to  allow  the  angle  sensing  crystal  to  bottom  onto  the  lapped  surface  of  the  main 
housing  is  provided  by  the  housing  of  sub-assembly  holding  the  Wollaston  prism  and 
the  light  sources.  This  pre-assembled  unit  is  positioned  in  the  main  housing  and 
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locked  in  position  with  screws,  using  dowel  pins  as  guides,  against  tin-  buck 
face  of  the  stain  housing.  The  wave  spring  washer  is  compressed  to  gi  ve  the 
angle  sensing  crystal  the  hard  mounting  against  the  lapped  surface.  The  Wol- 
laston collimating  lens  and  light  source  is  a pre-aligned  assembly  unit  and 
is  positioned  to  Che  main  housing  and  is  used  to  apply  the  pressure  onto  the 
wave  spring  washer  and  positions  the  angle  sensing  to  apply  the  pressure  onto 
the  wave  spring  washer  and  poaitiona  the  angle  sensing  crystal.  One  of  those 
assemblies,  with  Its  angle  sensing  crystal  and  quarter  wave  plate,  is  used  for 
each  of  the  three  axes  (see  figure  8-15).  This  assembly  has  provision  to  align 
the  Wollaston  prism,  collimating  lens  and  the  light  emitting  diodes  (LED's). 

This  mechanical  adjustment  is  required  to  allow  for  tolerances  in  the  Wollaston 
divergence  angle  (off-the-shelf  Wollaston  have  +2°  tolerance  on  divergence 
angles).  The  adjustments  for  the  Wollaston  prism  arc  line  of  sight  positioning 
and  roll.  The  LEO  and  its  collimating  lens  have  mechanical  movement  adjustments 
relative  to  each  other.  The  collimating  lens  is  used  as  the  fixed  reference,  and 
the  LEO  can  be  adjusted  along  the  line  of  sight  for  focusing  the  collimating  lens 
on  the  light  emitting  area  in  the  LED.  The  light  emitting  area  is  not  necessarily 
equally  spaced  around  the  mechanical  center  line;  to  adjust  for  this  the  LED  is 
mounted  in  two  eccentric  sleeves.  This  allows  the  LED  to  be  rotated  until  the 
light  emitting  area  centerline  is  positioned  on  the  optical  axis.  When  the 
adjustments  have  been  completed,  a sleeve  and  jam  nut  lock  the  assembly  in  posi- 
tion. The  LED's  are  mounted  directly  in  a special  sleeve  that  will  allow  the 
heat  generated  to  be  conducted  away  to  the  main  housing. 

. . 8.3.3  Receiver  Design 

The  main  receiver  housing  is  bored  out  from  a one  piece  block 
of  aluminum,  into  which  the  angle  sensing  crystals  are  hard  mounted  for  the  three 
channels  (figure  8-16).  The  shoulder  for  the  angle  sensing  crystal  is  machined 
and  lapped  to  8-  12  micro  inches;  into  this  shoulder  is  the  "0"  ring  groove  which 
allows  Che  compression  of  the  "0"  Co  completely  fill  the  volume  of  the  groove 
when  the  angle  sensing  crystal  bottoms  on  the  housing  shoulder.  This  sub-assembly 
is  clamped  together  by  a threaded  lock  ring.  This  complete  assembly  is  backed-up 
ty  a wave  spring  washer.  The  amount  of  compression  that  is  applied  to  the  complete 
assembly,  through  the  wave  spring  washer  to  allow  the  angle  sensing  crystal  to 
bottom  onto  the  lapped  surface  of  the  main  housing,  is  provided  by  the  housing  of 
the  sub-assembly  holding  the  Wollaston  prism,  objectives  lens,  field  stop,  and 
detection  and  its  field  lens.  This  prc-assembled  unit  is  positioned  in  the  main 
housing.  It  is  locked  in  position  with  screws,  using  dowel  pins  as  guides,  against 
the  back  face  of  the  main  housing.  The  wave  spring  washer  is  compressed  to  give 
the  angle  sensing  crystal  the  hard  mounting  against  the  lapped  surface.  One  of 
these  assemblies  with  its  angle  sensing  crystal  is  used  for  each  of  the  three  axes; 
see  figure  8-16.  This  assembly  has  provision  to  align  the  prism  with  its  objective 
lens  to  the  detector  and  its  field  lens.  This  mechanical  adjustment  is  required  to 
allow  for  tolerances  in  the  prism  divergence  angle  (off-the-shelf  Wollaston  prisms 
have  +2°  tolerance  on  divergence  angles).  The  adjustments  for  the  Wollaston  prism 
and  its  objective  lens  are  axial  and  roll. 


The  detector  and  its  field  lens  have  mechanical  adjustments 
for  movement  relative  to  each  other.  The  field  lens  is  used  as  the  fixed 
reference,  and  the  detector  can  be  adjusted  along  the  line  of  sight  for  focusing 
the  ‘Held  lens  on  the  active  area  of  the  detector.  The  active  area  is  not 
necessarily  equally  spaced  around  the  mechanical  center  line.  To  adjust  for 
this  the  detector  is  mounted  in  two  eccentric  sleeves.  This  allows  the 
detector  to  be  rotated  until  the  active  area  center  line  is  positioned  on  the 
optical  axis.  When  the  adjustments  have  been  completed,  a sleeve  and  jam  nut 
lock  the  assembly  in  position. 

8.3.4  Thermal  Analysis 

Several  thermal  analysis  have  been  performed  on  Phase  I design 
to  evaluate  the  potential  for  indicated  alignment  errors  caused  by  thermal  stress 
distortions  of  both  the  transmitter  and  receiver  instrument  packages. 

In  general,  the  thermal  distortion  analyses  indicated  the 

following: 

1.  Temperature  gradients  along  the  instrument  center  axis  are  most  likely 
to  produce  beam  misalignment  problems.  The  primary  cause  of  these 
gradients  is  severe  heating  or  cooling  to  the  face  of  the  instrument. 

2.  Non-symmetric  heating  or  cooling  of  the  instrument  package  is  a secon- 
dary source  of  beam  misalignment. 

3.  Internal  heating  sources  will  not  produce  significant  crystal  or  beam 
alignment  problems. 

4.  Using  the  available  environment  data,  the  instrument  packages  will 

not  require  special  thermal  environment  isolation  procedures.  However, 
additional  spacecraft  mounting  design  and  environment  information  is 
required  to  clearly  define  the  amount  of  angular  distortion  that  will 
result  from  imposed  thermal  transients. 

Since  a clear  definition  of  a typical  instrument  installation 
environment  was  not  provided,  a detailed  CINDA* analysis  was  only  able  to  include 
thermal  distortions  due  to  internal  heat  sources.  Internal  instrument  heating 
is  due  to  the  Light  Emitting  Diodes  (LED)  total  power  consumption  (0.5  watts  each). 
Only  a small  portion  of  the  total  LED  power  is  transmitted  out  of  the  instrument 
as  light.  For  a conservative  analysis  the  light  emitted  was  ignored.  These 
preliminary  results  indicated  that,  considering  a worst  case  of  non-symmetic 
internal  heat  (i.e.,  one  channel  not  operating),  less  than  0.1  arc  second  of 
crystal  misalignment  should  result.  To  establish  the  actual  crystal  deflection 
from  this  heat  source,  will  require  a more  extensive  combined  ;hermai  and  stress 
analysis  which  is  currently  planned  for  the  future  contract  work. 

A "First  order"  heating  analysis  was  performed  for  several 
external  situations  that  may  cause  thermal  deflection  of  the  face  plate  assembly 
holding  the  crystals.  The  analysis  dio  not  apply  any  mechanical  restraints  to 
the  thermal  expansion  deflections  that  were  predicted  from  external  heat  source;.. 
The  following  results  were  indicated: 


*CINDA  - Chrysler  Improve  l Numerical  Differencing  Analyzer  Computer  Program 
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1.  Uniform  hot  or  cold  instrument  body  temperatures  (0°F  to  140°F)  will 
not  cause  a significant  crystal  misalignment  since  all  of  the  main 
body  materials  are  of  a common  material. 

2.  Steady  state  heating  or  cooling  to  the  instrument  face  or  on  mounting 
brackets  will  cause  beam  misalignment.  Direct  sunlight  exposure  to 
the  instrument  face  (0.125  BTU/Ft^-Sec .)  will  cause  a crystal  nuslign- 
ment  of  less  than  0.1  arc  second  with  the  instrument  centerline. 

3.  A steady  external  total  heat  source  applied  on  the  instrument  face  of 
4.14  BTU/Ft2-Sec.  will  cause  one  arc  second  misalignment  (the  maximum 
allowable)  of  each  crystal  with  respect  to  the  instrument  centerline 
and  a 1.7  arc  second  misalignment  of  the  crystals  with  each  other. 
Currently  there  is  no  known  satellite  heat  source  of  this  magnitude. 

4.  Transient  thermal  environments  will  produce  the  most  complex  alignment 
problems,  luese  require  a combined  thermal  and  stress  analysis.  A 
preliminary  transient  analysis  indicated  that  high  frequency  transients 
f^he  order  of  1 CPS)  will  not  penetrate  the  instrument  and  that  tran- 
sients requiring  more  than  a day  to  complete  will  not  influence  crystal 
alignment.  Transient  effects  will  be  analyzed  more  extensively  with 
CINDA  during  the  Phase  II  program. 

In  general,  the  OAMS  instrument  package  is  a very  stable 
thermal  package.  It  is  anticipated,  however,  that  additional  thermal  stress 
evaluations  be  performed  during  future  design  studies  as  additional  mounting 
hardware  and  installation  thermal  environments  become  better  established. 

Figure  8-17  shows  the  calculated  temperatures  across  the  transmitter  assembly 
at  ambient.  Figure  8-18  shows  cross  section  at  which  these  calculated  values 
were  obtained. 
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8.4  Electronic  Design 

The  Optical  Angular  Motion  Sensor  Electronic  Subsystem  consists  of 
three  channels  operated  on  an  analog  basis  with  three  distinct  frequencies  of 
923,  1850  and  3700  hz  for  roll,  yaw  and  pitch,  respectively.  Each  channel  is 
integrated  with  three  independent  optical  subsystems  for  the  purpose  of  measur- 
ing relative  angular  displacement  between  two  points  in  a 3-axis  coordinate 
system.  The  composite  system  is  a precision  measurement  device  that  converts 
small  angular  deflections  (arc  seconds)  in  roll,  yaw  and  pitch  between  a refer- 
ence point  and  a remote  point  into  an  electrical  output.  Basically,  the  electronics 
for  each  channel  perform  two  functions;  namely,  1)  to  provide  the  input  to  the 
system  in  the  form  of  an  intensity  modulated  light  source  about  a quiescent  level 
and  2)  to  detect  this  polarized  modulated  light  source  as  a function  of  angular 
displacement  and  range,  and  process  the  resulting  signal  to  yield  an  electrical 
output  proportional  to  angular  rotation. 

With  the  aid  of  the  block  diagram  shown  in  figure  8-19  and 
schematic  drawngs  (Figures  8-20,  8-21  and  8-22)  a comprehensive  description 
of  1 “ functional  operation  of  the  OAMS  electronic  is  presented.  The  electronic 
subsystem  description  will  be  subdivided  into  the  following  two  subgroups:  1) 

LED  Drive  and  Control  Loop  and  2)  Signal  Processing  Electronic.  These  twa  sub- 
groups will  be  identified  and  their  functional  operation  and  relationship  upon 
each  other  described.  Since  all  three  channels  are  essentially  identical  (ex- 
cept for  amplifier  gain  values,  operating  frequencies  and  low  pass  filters  in 
the  roll  channel)  this  section  will  wherever  practical  address  itself  to  ,i  com- 
mon description  as  indicated  by  the  block  diagram.  Each  block  is  assigned  a 
numerical  number  for  identification  within  the  text.  Following  these  two  sub- 
sections, an  electronic  component  description  in  Subsection  8.4.3  will  describe 
the  individual  units  and  their  application  for  the  OAMS  electronics. 

8.4.1  LED  Drive  and  Control  Loon 


Two  light  emitting  diodes  (LED),  located  in  the  transmitter, 
provide  the  input  light  source  for  each  channel.  Each  diode  pair  is  selected 
to  emit  energy  in  three  different  spectral  regions  to  prevent  cross  coupling 
the  light  sources  between  channels.  In  both  the  transmitter  and  receiver  the 
principle  of  duality  was  employed  to  increase  system  reliability  and  signal-to- 
noise  ratio  (SNR).  The  modulation  frequency  cf  operation  for  each  channel  are 
one  octave  apart.  This  provides  additional  immunity  to  channel  cross  talk  since 
even  harmonics  are  cancelled  with  the  aid  of  the  synchronous  demodulator  (9)  and 
the  differential  amplifier  (10).  Odd  harmonics  from  the  roll  channel  frequency 
may  enter  the  pitch  channel,  but  are  significantly  attenuated  by  the  optical 
filters  and  the  action  ot  the  demodulator  and  differential  amplifier  combination. 


The  LED  drive  paths  are  similar  except  that  one  LED  is  used  as 
reference  (13)  and  the  other  controlled  (16)  through  the  action  of  the  analog 
divider  (19).  The  quartz  crystal  oscillator  supplies  the  sinusoidal  signal  used 
in  driving  a three  stage  composite  transistor  circuit  (cathode  follower  type 
action)  with  the  LED  connected  between  the  positive  15  volt  supply  and  the  tran- 
sistor's common  collector  tie  point.  In  this  application  the  LED  diode  and  the 
third- st age-power  transistor  (Qj  or  Q2)  rust  be  biased,  by  choosing  the  proper 
load  line,'  such  that  the  LED  diode  and  transistor  are  compatible  in  their  opera- 
tion. In  this  case  the  diodes  are  always  forward  biased  (a.c.  as  well  as  d.c.) 
and  the  maximum  a.c.  amplitude  is  bounded  to  prevent  driving  the  transistor  into 
saturation.  The  a.c.  signal  amplitude  and  d.c.  bias  current  for  the  referenced 
LED  (13)  is  fixed,  however,  thij  adjustment  must  be  within  a range  whereby  the 
a.c.  and  d.c.  component's  of  the  controlled  LF.rv  (16)  can  be  effective  (that  is 
cont L-ollabilit}  of  the  modulation  index)  when  controlling  the  level  of  light 
intensity  seen  at  the  detector  outputs.  Ot  a the  LED  d.c.  balance,  as  seen  by 
the  detector,  are  ascertained  the  bias  d.c.  current  through  the  controlled  and 
referenced  LED  is  fixed  per  this  design. 


The  analog  divider  (19)  performs  two  basic  functions  in  control- 
ling LED  output  signal;  namely,  1)  to  perform  a 180  degree  phase  inversion  or  the 
a.c.  signal  and  2)  to  control  the  drive  signal  amrlitude.  The  divider  output  is 
described  by  equation  8.4-1  where  Z is  the  a.c.  component  (dividend)  and  X is  a 
d.c.  component  (divisor).  The  X component  is  the  controlling  parameter  and 


= -10  1 
X 


(8.4-1) 


at  this  time  is  temporarily  derived  from  a voltage  divider  (20' . The  primary 
reason  for  this  action  stems  from  the  recent  error  analysis  of  Subsection  8.1 
and  Appendix  E,  whereby  LED  a.c.  balance  control  alone  will  not  be  sufficient 
especially  over  long  life  cycles.  As  shown  in  the  error  analysis,  LED  modula- 
tion balance  control  requires,  that  both  the  d.c.  quiescent  (ib)  and  the  a.c. 

(im)  current  levels  of  drive  transistor  be  automatically  adjusted.  Other- 
wise a first  order  (primary)  error  will  occur  if  i is  the  only  controlled 
variable,  therefore,  causing  the  modulation  ratio  (m)  of  the  controlled  LED  to 
shift  away  from  chat  of  the  referenced  LED  (see  equation  E-50).  Without  control 
of  ib  and  i significant  scale  factor  and  null  shift  errors  will  result.  Also, 
at  or  near  ?ED  balance  the  a.c.  sum  signal  for  controlling  purposes  is  normally 
small  relative  to  harmonics,  aoise  generated  signals  and  portions  of  the  signal 
that  are  not  cancelled  due  to  signal  distortion  and  small  phase  shifts.  Because 
these  unwanted  signals  masked  the  desired  a.c.  signal  used  for  control  purposes 
and  consequently  aggravated  LED  balancing  via  the  synchronous  demodulator  (24), 
a band  pass  filter  centered  at  the  respected  channel  frequency  is  required. 

Because  of  these  two  problems  and  lack  of  time  in  designing  three  band  pass 
filters,  it  was  decided  .0  use  open  loop  control  for  LED  a.c.  balancing.  The 
voltage  divider  setting  war  selected  such  that  the  a.c.  sum  signal's  (output  of 
summing  amplifier  (6)  magnitude  is  minimal  at  system  angular  null.  This  effectively 
balances  the  LED  light  intensity  output,  however,  this  method  does  not  compen- 
sate for  light  intensity  shifts,  as  seen  by  the  detector,  due  to  angular  motions 
in  pitch,  yaw  and  roll  nor  does  it  allow  for  changes  ’ n detector/LED  responsivity 
degradations.  Figure  8-23  is  a proposed  electronic  block  diagram  that  depicts 
an  approach  that  is  being  incorporated  in  the  brassboard  for  evaluation  purposes. 

Since  the  synchronous  demodulator  (24),  differential  amplifier 
(25)  and  low  d.iso  filtei  (26)  applications  are  ‘■'sentially  the  same  as  the  signa’ 
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processing  electronics  subsystem,  their  operational  description  will  be  con- 
sidered later  in  Subsection  8.4.4.  The  only  exception  is  that  the  output  of 
the  low  pass  filter  (26)  is  magnitude  limited  at  -0.714  volts  to  avoid  saturat- 
ing the  output  of  analog  divider  (19). 

8.4.2  Signal  Processing  Electronic 


The  function  of  this  circuit  is  to  operate  on  two  electrical 
signals,  which  are  proportional  to  the  light  sources  seen  by  the  two  detectors 
(1),  such  that  the  electrical  output  of  the  low  pass  filters  (11)  represents  a 
relative  difference  in  angle  between  the  transmitter  and  target.  The  electronics 
required  for  this  process  is  identified  in  figure  8-19  as  Blocks  1 through  11. 

The  operation  of  the  optics  of  the  light  source  impinging  on  the  detectors  is 
described  in  the  System  Analysis  (Section  8.1)  and  OAMS  Error  Analysis  (Appendix  E) 


The  two  silicon  photodiodes  (1)  (two  per  channel)  are  operated 
in  a photovoltaic  mode  (without  d.c.  biasing)  where  low  noise  equivalent  power 
(NEP)  capability  is  achieved.  The  signals  from  each  detector  (see  figure  E-6 
and  E-7)  are  preamplified  (2)  by  low  noise  operational  amplifiers  and  fed  to  the 
differential  amplifier  (3)  and  the  range  switch  network  (5).  Should  an  angular 
difference  exist  between  the  transmitter  and  receiver,  two  a.c.  signal  components 
(d.c.  blocked  by  capacitors  located  in  Block  3)  are  applied  to  the  differential 
amplifier.  Since  both  signals  are  180  degrees  out  of  phase,  the  composite  out- 
put signal  (Vd)  is  effectively  the  sum  of  both  input  signals.  This  action  doubles 
the  signal  level  and  cancels  out  common -mode  noise  components.  The  general 
differential  amplifier  output,  VD,  is  shown  in  equation  21,  Appendix  E.  The  term 
VD  (also  Y)  is  the  dividend  for  the  analog  divider  (4),  The  divisor  (X)  for  the 
analog  divider  (4)  is  obtained  by  the  use  of  range  switch  network  (5),  summing 
amplifier  (6)  and  low  pass  filter  (7). 


The  range  switch  network  consists  of  resistors  which  are  selected 
according  to  the  longitudinal  distance  between  the  transmitter  and  receiver.  The 
OAMS  is  required  to  operate  in  four  distinct  longitudinal  ranges  (see  Table  8~5). 


Table  8-5  OAMS  Operating  Ranges 


POSITION 

RANGE 

1 

5 - 8 ft. 

2 

8 - 15  ft. 

3 

15  - 28  ft. 

4 

28  - 50  ft. 

As  a basis  the  OAMS  range  switch  resistor  network  is  calibrated  according  to  the 
nearest  longitudinal  distance  within  each  range.  Since  the  summing  amplifier 
requires  two  input  signals  (Detector  l and  ?) , two  input  resistors  arc  required 
for  each  position  (see  Figures  8"20,  8~21  and  8-22).  These  resistors  in  con- 
junction with  the  respective  feedback  resistor  (R^)  determine  the  close-loop  gain 
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(Gg)  of  the  summing  anplifier.  The  gain  (Gg)  within  each  range  is  selected  such 
that  the  low  pass  filter  (7)  output  will  not  drive  the  analog  divider  into  satura- 
tion as  long  as  the  longitudinal  distance  is  held  above  the  next  lowest  range. 
Equations  8.4-2  through  8.4-6  describe  the  rationale  for  calculating  these  resis- 
tor values  shown  on  the  electrical  schematics. 


= <*d)  <Rd)  (R±)  (Gp>  (8.4-2) 

Gsj 


whe  re : 


Vs  = voltage  output  of  summing  amplifier 
Pd  = power  impinging  on  the  detector  (watts) 
Rd  = responsivity  of  detector  (amp/watts) 

Ri  * shunt  resistor  across  detector  (ohms) 

Gp  = voltage  gain  of  preamplifier  (volt/volt) 
Gsj=  voltage  gain  of  summing  amplifier 
(volt/volt)  at  j range 


If  equals  intensity  time  solid  angle,  then 


(8.4-3) 


where:  Id  = 

Ad  “ 
rj  = 


intensity  on  detector  (watts/steradians) 
receiver  e:  ranee  aperture  (ft2) 
smallest  li  gitudinal  range  (ft) 


Substituting  equation  8.4-3  into  8.4-2  yields 


V C. 
s = 1 


sj 


77 


(8.4-4) 


where  equals  (I(j  A((  R^  R-  Gp)  a pi  'portionality  constant. 

Since  Vs,  r^5  and  Csi5  are  known  for  switch  Position  3,  all  other  gain  values 
Cs5,  Gsg,  and  GS2g  and  the  resulting  input  resistors  arc  calculated  as  shown. 


If  G . 
sj 


G . 
sj 


V r2 
_sJJ> 

7s  li 

G r2 

S1 3 5 


K9  and  G , c = _ 

a s15  a 

Rat  j ft  a'  13  ft 


(8.4-5) 


then  by  substituting  these  values  in  equation  8.4-5  t lu  desired  resistor  ,aic 
is  obtained  with  e nation  8.4-6. 


R 


at 


ft 


(R 

at 


15  ft 


) 


( 8 . * - 6 ) 
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Note  tl  at  Rgt  j ft;  is  the  resistor  value  calculated  at  the  new  range. 

The  close-loop  gain  for  each  range  is  selected  by  the  use  of  a 
four-position,  break- be  fore -make,  ganged  switch  when  rotated  to  Che  proper  position 
enables  the  selection  of  the  required  resistor  combination.  The  two  signals  from 
the  detectors  are  fed  to  the  summing  amplifier  (6)  via  the  range  switch  network 
to  the  input  resistor  pair  calculated  by  equation  8.4-6.  These  two  signals  are 
summed  to  yield  the  sum  voltage,  V , as  described  in  equation  E-20  of  Appendix  E. 
This  voltage  consists  of  a d.c.  ana  a.c.  component.  The  d.c.  component  is  a 
function  of  the  total  light  intensity.  The  a.c.  signals  consist  of  the  funda- 
mental and  harmonic  components  plus  electrical  noise  signals.  The  fundamental 
signal  is  a function  of  the  LED  imbalance  as  seen  at  the  sum  amplifier  output. 

This  a.c.  signal  (V1)  is  fed  to  the  s;  ichronous  demodulator  (24)  for  use  in  LED 
a.c.  balance  control.  The  low  pass  filters  (7)  remove  the  a.c.  signal  from  Vs 
and  supplies  a d.c.  voltage,  V^,  as  defined  in  equation  E-36.  These  four  pole, 
unity  gain  Butterworth,  active  filter  transfer  functions  are  shown  in  Table  8-6. 

The  composite  voltage  transfer  function  for  all  filters  are  obtained  as  shown  in 
equation  8.4-7. 

H(s)  = M1(s)  H2(s)  (8.4-7) 

where  Hj(s)  and  H2(s)  are  the  component  transfer  functions.  It  should  be  noted 
that  the  filters  in  Block  26  are  composed  of  a two  pole  Butterworth  in  series 
with  a first  order  passive-phase- lead  network.  These  filters  are  followed  by 
| a noninverting  amplifier  with  gains  of  32.1  for  pitch  and  21.0  for  yaw  and  roll. 

f With  Vq  as  the  dividend  and  Vg  as  the  divisor  the  analog  divider 

(4)  effectively  normalizes  the  difference  signal,  Vq,  for  general  variation  in 
| light  intensity  for  a given  angular  position.  The  light  intensity  changes  may 

be  due  to  1)  detector  and  LED  responsivity  degradation,  2)  non-uniformity  in  LED 
I light  pattern,  and  3)  change  in  range.  This  action  of  the  divider  on  the  differ- 

| ence  signal  is  termed  automatic  gain  control  (AGC) . 

I- 

I The  normalized  signal  from  the  divider  is  fed  to  the  scale-factor- 

i adjust  amplifier.  This  amplifier  is  a noninverting  feedback  amplifier  with  a 

| close-loop  voltage  gain  (Gf)  as  shown  in  equation  8.4-8. 


Gf  = ^V^f  at  j ft  (8.4-8) 

R1 

where  ^ is  the  feedback  resistor  found  in  the  range  switch  network  and 

R^  is  a constant  10  K ohm  resistor  for  all  three  channels.  Using  equation  8.4-5 
and  substuting  equation  8.4-8  for  the  gain  yields  the  following  scale-factor- 
adjust-resistor  equation: 

r? 

"f  « J ft  ‘ <R1  + Rf  at  15  f*  - R1  (8'4-9> 

15 

Note  that  R^  £t  was  determined  by  physically  varying  the  feedback  resistor 

until  the  desired  scale  factor  was  obtained.  All  of  these  feedback  resistors 
are  connected  to  the  range  switch,  Sj,  and  arc  arranged  with  the  sum  amplifier 
resistor  (equation  8.4-6)  into  groups,  according  to  range,  that  are  manually 
selected  by  rotating  switch  5j. 
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Because  the  roll  channel  has  an  optical  angular  sensitivity 
of  2 versus  60  for  the  lateral  channels,  larger  roll  differential  amplifier 
(3)  and  scale- factor- ad just  amplifier  (8)  gains  are  required.  The  amplified 
a.c.  signal  from  the  scale- factor-adjust  amplifier  (8)  is  proportional  to  the 
angular  difference  between  the  transmitter  and  receiver.  This  a.c.  signal  is 
fed  to  the  synchronous  demodulator  (9)  where  two  identical  voltage  follower 
anplifier  stages  are  each  slaved  to  the  ON-OFF  state  of  a grounded  collector 
transistor.  Two  square  wave  signals,  that  are  the  complement  of  each  other 
and  derived  from  the  phase  adjust  and  square  wave  generator  network  (21),  each 
drive  the  base  of  one  transistor.  The  frequency  of  the  square  wave  signals  is 
the  same  as  its  corresponding  channel  frequency  and  is  phase  adjusted  by  an  RC 
phase-lag  circuit  located  in  the  phase  adjust  and  square  wave  generator  network 
(21).  Each  square  wave  signal  turns  ON  and  OFF  its  respective  transistor  such 
that  one  amplifier  input  is  grounded  (transistor  ON)  while  (he  other  anplifier 
is  allowed  (transistor  OFF)  to  pass  a half  cycle  of  the  a.c.  signal.  The  result- 
ing half  wave  rectified  signals  from  each  anplifier  path  are  subtracted  from  each 
other  by  the  differential  amplifier  (10).  The  resulting  signal  fed  to  the  low 
pass  filter  (11)  is  a full-wave-rectified  signal  whose  polarity  is  dependent 
upon  whether  the  angular  difference  is  posit:' ve  or  negative.  The  action  of  the 
synchronous  demodulator  and  differential  amplifier  combination  is  to  provide 
additional  immunity  to  channel  cross  coupling  and  to  generate  a full-wave 
rectified  signal  whose  magnitude  is  proportional  to  the  angular  difference. 

The  differential  anplifier  provided  unity  gain  since  the  required  gain  from  the 
scale-factor-adjusu  amplifier  (8)  was  sufficient  for  this  application. 


The  low  pass  filter  (11)  for  pitch  and  yaw  channels  are  similar 
to  the  one  described  in  equation  8.4-7  and  Table  8-6.  However,  for  the  roll 
channel  a four  pole  Butterworth  filter  whose  corner  frequency  is  at  one-half  hz 
was  also  designed  to  improve  the  SNR  for  long  range  tests.  This  filter  is 
required  to  minimize  the  low  frequency  noise  whose  magnitude  at  null  is  approxi- 
mately + 30  mv  peak-to-peak  (as  seen  with  a 10  hz  filter)  at  a distance  of  25 
feet.  The  magnitude  of  this  noise  is  proportional  to  channel  signal  strength 
which  is  directly  related  to  longitudinal  distance  between  the  transmitter  and 
receiver.  In  the  lateral  channels  this  phenomenon  was  held  to  within  +1.5  mv 
(p-p)  in  pitch  and  +3.0  rav  (p-p)  in  yaw  because  of  the  additional  angular  sensi- 
tivity. At  a longitudinal  distance  of  5 feet  the  low  frequency  noise  in  all 
three  channels  was  low  as  shown  in  Table  8-2  of  the  System  Analysis  Section. 

The  filtered  d.c.  signal  from  each  channel  is  fed  to  its  respective  digital 
panel  meter  (12)  which  is  used  to  read  data  and  monitor  channel  status. 

8.43  Electronic  Component  Description 


The  purpose  of  this  subsection  is  to  describe  in  more  detail 
the  individual  units  that  are  used  in  the  OAMS  electronic  subsystem.  The  pre- 
vious sections  described  the  function  operations  and  rationale  required  in  the 
electronic  subsystem  while  this  subsection  will  be  less  general  and  will  focus 
on  the  specific  applications  and  type  components  found  in  these  units.  Basic 
operational  features,  such  as  operational  amplifier  operation,  etc.,  will  not 
be  covered.  Each  unit  may  contain  one  or  several  of  the  networks  or  circuits 
identified  in  the  block  diagram  of  figure  8-19.  These  units  are  either  located 
on  circuit  boards,  housed  within  the  chassis,  or  in  the  receiver  and  transmitter 
subassemblies  as  shown  on  the  schematic  drawings  (Figures  8-20,  8-21  and  8-22). 
This  schematic  also  lists  the  part  number  of  the  individual  components.  For 
description  purposes  each  unit  will  V -ategorized  according  to  whether  its 
function  is  related  to:  a)  LED  dci  • uud  control  loop,  b)  signal  processing 
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electronic,  or  c)  common  to  both  a and  b.  The  unit  group  assignment  is  shown 
it  Table  8-7  and  the  description  that  follows  will  discuss  each  unit  in  the 
order  allocated. 


i 


P?  j 


8. A. 3.1  LED  Drive  and  Control  Loop  Units 


System  Oscillator  Unit 

The  basic  synchronous  oscillator  source  is  a crystal 
controlled  frequency  device  made  by  the  Bulova  Watch  Company,  Electronics  Division. 
The  output  frequencies  are:  925  Hz,  1850  hz  and  3700  hz  (all  derived  from  a com- 

mon oscillator  source).  The  output  voltage  at  each  frequency  is  a sinusoidal, 

IV  RMS  +27.  signal,  that  is  stable  to  d<).17./day  over  a temperature  range  of  -20°C 
to  60°C.  The  d.c.  supply  voltage  required  is  a +15  volt  source  with  +17.  regulation 

LED  Drive  and  Amplifier  Unit 

This  unit  contains  the  drive  circuitry  for  both  the  con- 
trolled and  referenced  LED's.  The  oscillator  amplifier  is  a non-inverting  circuit 
with  operational  amplifier  (A<j).  This  circuit  provides  impedance  buffering  between 
the  oscillator  and  the  driver  circuits  plus  signal  gains  of  1.55,  1.32  and  1.4  in 
pitch,  yaw  and  roll,  respectively.  This  signal  is  applied  to  two  parallel  paths 
where  one  path  is  for  the  referenced  LED  and  the  other  for  the  controlled  LED. 

Both  paths  perform  similar  functions  except  that  in  the  controlled  LED  path  an 
analog  divider  is  used  for  phase  inversion  and  gain  control  of  the  drive  circuit 
a.c.  signal. 


The  analog  divider  is  a product  of  Analog  Devices,  Inc., 
Model  No.  427K.  This  is  a precision  type  device  with  the  following  characteristics 

1)  Maximum  input  voltage  for  rated  accuracy  is 
+10.5  V 

2)  Full  scale  accuracy  is  0.2% 

3)  Scale  factor  error  is  +0.05% 

4)  Output  noise  is  50p.V  rms 

5)  Supply  source  at  rated  performance  is  +34.7 
to  15.3  V 


6)  Temperature  range  at  rated  performance  is 
0°C  to  70° C 


The  output  of  the  divider  is  fed  into  a two  stage  non- 
inverting circuit  with  LM121  precision  preamplifier  (Aj  or  A^)  driving  a 741 
amplifier  (A2  or  A4).  The  LM121  preamplifier  operated  with  the  general  purpose 
operational  amplifier  (741  or  LM118)  drastically  decreases  d.c.  errors  and  also 
improves  SNR.  Further,  the  added  d.c.  gain  of  the  LM121  decreases  the  closed 
loop  gain  error.  This  type  of  two  stage  amplifier  circuit  is  used  extensively 
in  the  CAMS  electronic.  This  circuit,  for  all  three  channels,  had  different 
gain  values  as  shown  in  Figures  3-20,  8-21  and  b-22.  The  output  of  the  two 
stage  amplifier  circuit  (either  path)  inturn  drives  the  three  stage  composite 
transistor  circuit  shown  in  the  schematic.  The  final  (third)  stage  power 
transistor  (Ql  or  Q2)  located  on  the  chassis  drives  the  LED. 
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Referenced  end  Controlled  LED  Units 

These  LEDs  are  located  in  the  transmitter.  The  diodes 
selected  for  this  phase  of  UAMS  are  shown  in  Table  8-8. 

Synchronous  Demodulator  and  Differential  Amplifier  Unit 

This  a.c.  error  signal  from  the  summing  amplifier  (B5), 
which  represents  LED  imbalance,  is  applied  to  a non-inverting  circuit  (amplifier 
Aj)  that  has  a gain  of  19.2.  This  signal  is  then  applied  to  two  voltage  follow- 
ers, two-stage,  amplifier  circuit  that  are  operated  in  parallel.  Each  voltage 
follower  (A2  and  A3  or  A4  and  A5)  operate  on  either  the  negative  or  positive  half 
cycle  of  the  a.c.  error  signal  and  are  slaved  to  “he  grounded  collector  transistor 
circuit  (Qja  or  ^lB^*  ^e  square  wave  signal,  driving  these  transistors  through 
either  diode  Dj  or  D2,  are  complement  of  each  other,  thus  determining  which  half 
cycle  of  the  a.c.  signal  is  rectified.  The  rectified  a.c.  signal  from  each  path 
is  fed  into  the  differential  amplifier  stages  of  A^.  and  Ay  where  they  are  combined 
to  yield  a full-wave  rectified  signal  at  terminal  J6-15. 

Low  Pass  Filter  Unit 

The  full-wave  rectified  signal  at  terminal  J7-10  (from 
J6-15)  is  applied  to  the  first-order  zero/third  order  pole  (1/3)  filter  (see 
Table  8-6).  The  active  Buttervorth  filter  consists  of  amplifiers  Ap  and  Ay  and 
the  passive  phase  lead  network  consists  of  components  R5,  R7  and  C5.  The  resulting 
filtered  output  is  applied  to  the  non-inverting  amplifier  stages  of  A5  and  A^  where 
gains  of  21  for  pitch  and  yaw  and  32  for  roll  are  obtained.  Finally,  diode  Dj  and 
voltage  divider  (R.j  ant*  R13)  the  signal  at  -0.714  volt  to  prevent  driving 

the  controlled  analog  divider  into  situratior.. 

8. 4. 3. 2 Signal  Processing  Electronic  Units 

Detector  and  Preamplifier  Unit 

The  detector  and  preamplifier  unit  located  in  the  receiver 
is  a dual  circuit  whose  output  is  fed  to  the  differential  and  summing  amplifier 
circuits.  The  detectors  are  a product  of  United  Detector  Technology,  Part  No. 
PIN-5DP.  The  preamplifier  circuit  is  a current-to-voltage  converter  with  opera- 
tional amplifier  Al  and  A2.  Al  and  A2  are  the  mono  0P-05  series  made  by  Precision 
Monolithics  Incorporated.  These  amplifiers  are  for  low  signal  level  applications 
and  feature  low  noise  voltage,  small  offset  voltage  temperature  drift  and  with 
long  term  stability.  The  output  of  each  amplifier  circuit  is  fed  to  an  emitter 
follower  transistor  stage  (Q3  and  QA)  for  impedance  and  buffering  purposes. 

Differential  Amplifier,  AGC  Analog  Divider  and 

Scale  Factor  Ac  just  Amplifier  Unit 

The  input  signal  to  this  unit  is  from  the  emitter  fol- 
lower via  a shielded  cable  and  is  routed  to  terminals  J2-10  and  J2-11.  Capacitor 
Cj  and  C2  block  the  d.c.  components  and  allow  the  a.c.  components  to  be  differenced 
by  the  circuits  containing  Al  and  A2.  The  differenced  signal  is  applied  to  the  Z 
terminal  of  the  analog  divider  (same  type  as  that  discussed  in  8. 4. 4. 3)  and  a 
negative  d.c,  sum  signal  via  terminal  J2-12  is  applied  to  the  divider's  X terminal. 
The  normalized  output  from  the  divider  is  in  turn  applied  to  the  non- inverting 
circuit  that  contains  operation  amplifier  A3  and  Ait . This  non-inverting  circuit 
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it  used  to  adjust  the  channel's  scale  factor  for  four  ranges  a.*,  ’escribed  in 
8.4.3.  The  output  signal  is  in  turn  fed  to  the  synchronous  demodulator  via 
terminal  J2-15. 


Summing  Amplifier  and  Filters  Unit 


The  detector  preamplifier  input  signal  is  also  routed 
via  the  shielded  cable  to  the  range  switch  assembly  and  then  applied  to  terminals 
J5-14  and  15  when  the  range  switch  is  in  position  3 of  Board  Bj.  These  two  sig- 
nals are  summed  by  the  inverting  circuit  that  contains  operational  amplifiers 
Aj  and  A2.  The  output  from  this  summing  circuit  is  applied  to  the  four  pole 
Butterworth  filters  and  to  terminal  J6-11  of  board  Bg.  The  four  pole  filter 
characteristics  are  shown  in  table  8-6.  The  first  second-order  filter  contains 
operational  amplifiers  A3  and  A4  while  the  other  second-order  filter  contains 
the  amplifier  pair  A5  and  Ag.  The  filter  output  at  terminal  J5-18  is  routed 
to  the  X input  of  the  analog  divider  located  on  board  B2. 

Range  Switch  Network 

This  network  enables  selection  of  the  proper  scale  factor 
gain  and  summing  amplifier  gain.  This  is  performed  by  a four  position  switch  for 
all  three  channels  by  switching  a resistor  from  each  of  three  sets  of  four  (R3 
thru  R^)  for  scale  factor  purposes  and  switching  two  resistors  from  each  of  three 
sets  of  eight  (R^  thru  Rg)  for  sum  gain  purpose.  For  example  R5  located  on  the 
range  switch  and  R5  and  Rg  on  Board  5 are  selected  for  range  Position  No.  3. 

Synchronous  Demodulator  Unit 

The  synchronous  demodulator  of  L3  operates  similarly 
to  that  described  in  8. 4. 4. 5.  The  only  exception  is  the  absence  of  a non-inverting 
circuit  between  C5  and  the  junction  with  R2  and  Ry. 

Output  Differential  Amplifier  and  Filter  Unit 

The  two  half-wave  rectified  input  signals  from  the 
synchronous  demodulator  via  terminals  J4-10  and  11  are  applied  to  the  unity 
gain  differential  amplifier  circuit  containing  Aj  and  A2.  The  polarity  of  the 
differenced  signal  is  dependent  upon  whether  the  angular  difference  is  positive 
or  negative.  The  differenced  signal  (full-wave  rectified)  is  applied  to  the 
first  active  Butterworth  filter  (see  Table  8-6,  Hj(s)  ) which  contains  A3  and  A4 . 
The  second  Butterworth  filter,  ^(s),  contains  A5  and  Ag. 


The  roll  channel  difference  amplifier  and  filter  each 
contain  one  stage  of  operational  amplifier  since  the  1/2  cycle  filter  has  good 
noise  rejection  properties,  therefore,  does  not  require  the  preamplifier  stages 
shown  in  pitch  and  yaw.  The  roll  filter  transfer  functions  Hj(s)  and  ^(s)  are 
shown  in  Table  8-0.  The  rationale  for  selecting  a 1/2  cycle  filter  is  con- 
tained in  8.4.3. 

Digital  Panel  Meters 

The  output  signal  from  the  filters  located  on  board 
B4  are  applied  to  the  panel  meters  via  terminals  J4-15.  Three  analog-to-digitcl 
panel  meters  (one  per  channel)  are  employed  for  the  purpose  of  monitoring  the 
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angular  difference  between  the  tranemltter  and  receiver.  The  model  number  L 
AN2544,  a product  of  Analogic.  The  meter  .accuracy  Is  0.01%  at  25°C.  The  dis- 
play has  5 digits  with  provisions  for  programmable  decimal  point  selection. 

o°rsi1SijcmKatttr#  ran8e  ls  “10°c  to  +45°c’ suppiy  v°ita*c  u c>ithor  1,7 


8‘4'3'3  ^"Its  Common  to  Both  LED  Control  and  Signal  Processing 

Phase  Adjust  and  Square  Wave  Generator  Network  Unit 

The  purpose  of  this  unit  ls  to  convert  sinusoidal 
oscillator  input  signals  from  terminal  Jl-11  of  Board  into  two  complemented 
square  wave  signals  that  are  in  phase  with  the  primary  signals  to  the  synchronous 
demodulators  contained  in  B3  and  B&.  The  input  signal  from  terminal  J8-10  is 
applied  to  the  voltage  follower  circuit  containing  amplifier  A\ . The  output  of 
the  voltage  follower  furnishes  a signal  to  two  parallel  and  identical  paths  (one 
for  the  signal  processing  demodulator  and  the  other  for  the  LED  control  loop 
demodulator).  Each  path  contains  an  RC  phase-lag  circuit  (ex.  Rj,  R5  and  C^), 
a voltage  follower  (A2)  and  an  a.c.  coupled  open- loop  amplifier  (A4  and  A5) . 

The  double  shunt  limiter  consisting  of  diode  pairs  (Dj,  D2  or  D3,  D4)  provides 
the  voltage  drop  across  amplifier  terminals  3 and  4.  This  voltage  drop  is  a 
function  of  the  diode's  forward  voltage  and  the  signals  are  complemented  by 
reversing  the  input  terminals  of  the  amplifiers.  Two  sets  of  square  wave  and 
complemented  signals  are  thus  generated. 

System  Power  Supply 

The  power  supply  operates  from  a nominal  +28  VDC  source 
and  supplies  regulated  +15  VDC  to  the  system.  In  the  description  of  the  power 
supply,  reference  will  be  made  to  the  power  supply  schematic  Figure  8-24. 

First  to  be  described  will  be  the  +15V  section.  Tran- 
sistors Qll  and  Q12  and  transformer  T2  along  with  an  associated  RC  network  of 
Rl,  R20,  Cl  and  C2  make  up  its  inverter  stage  which  has  a 115  volts  rms,  400 
Hertz  output.  This  output  is  stepped  down  in  voltage  through  transformer  T4 
to  approximately  24  volts  rms  which  is  applied  to  the  diode  bridge  rectifier 
consisting  of  diodes  D5  through  D12.  The  bridge  output  supplied  across  filter 
capacitor  C3  forms  the  unregulated  DC  voltage  supplied  to  the  power  transistors 
Q6,  Q7  and  Q8  and  to  the  regulator  V2.  The  collectors  of  these  three  transistors 
provide  the  regulated  output  to  the  +15  VDC  buss.  Filter  capacitor  C6  is  also 
connected  to  this  buss  , Current  limiting  is  provided  by  resistor  R5  and  the 
output  level  is  sec  by  the  network  of  R2  and  R3,  The  regulator  sensing  leads 
are  connected  to  the  supply  and  ground  busses  through  card  connector  pins  17  and 
18.  Fuses  F2  is  provided  for  protection  in  the  event  of  failure  in  the  regulat- 
ing seccion. 


Next  to  be  described  will  be  the  -15  VDC  section. 

The  inverter,  stepdown  transformer,  diode  bridge,  filter  capacitor  and  pro- 
tective fuse  are  the  same  as  for  the  +15  VDC  section.  Transformer  T1  with 
transistors  Q13  and  Q14  and  associated  components  make  up  the  inverter.  The 
step  down  transformer  ls  T3.  The  diode  bridge  is  composed  of  diodes  D13  through 
020.  The  filter  capacitor  for  the  bridge  output  Is  09  and  the  protective  fuse 
is  FI. 
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The  regulator  is  made  up  of  reference  VI  with  ampii-  '* 
fiers  Al  and  A2  and  power  transistors  Ql,  Q9  and  Q10.  Regulated  voltage  is  2 

applied  as  supply  to  amplifiers  Al  and  A2  by  a pre-regulator  made  up  of  tran-  , 

sistors  Q2  and  Q3,  reference  diode  D3  and  associated  components.  Supply  out- 
put level  is  set  with  the  network  of  R18  and  R19.  Sensing  leads  are  connected 
to  the  power  and  ground  busses  througn  card  connector  pins  5 and  6.  Current 
limiting  is  provided  by  R14  and  transistor  Q5.  Over-voltage  protection  is 
provided  in  *-he  event  of  regulator  failure  by  the  network  consisting  of  diodes 
Dl  and  D4,  transistor  Q4  and  associated  resistors  R21,  R22  and  R23.  Filter 
capacitor  C4  is  connected  from  the  supply  buss  to  the  ground  buss. 

Fuse  F3  is  the  main  fuse  for  both  the  plus  and  minus 
J5  VDC  supply  and  is  located  in  the  line  to  the  +28  volt  source.  In  the  final 
version,  a network  to  protect  this  supply  from  transients  would  also  be  put  in 
this  line  following  the  main  fuse.  A diode  will  protect  against  negative  tran- 
sients. An  inductor  followed  by  a large  filter  capacitor  and  a varistor  will 
protect  the  supplies  from  positive  transients. 

Power  Supply  Modifications 

Presently  the  OAMS  brassboard  uses  approximately  150 
watts  of  power  from  a +28  VDC  supply.  It  is  estimated  that  this  quantity  can 
be  reduced  to  less  than  36  watts  as  described  in  the  following  paragraphs. 

First  to  be  described  will  be  the  present  systen. 

The  power  required  by  the  three  channels  without  including  the  dissipation 
in  the  power  supply  is  approximately  56  watts.  Of  this,  the  light  emitting 
diodes  and  driver  transistors  together  dissipate  18  watts,  the  driver  resistors 
dissipate  18  watts  and  the  remaining  channel  electronics  dissipate  about  20  watts. 
Power  dissipated  in  the  +15  VDC  regulators  is  approximately  43  watts.  The  two 
saturating  inverters  have  a no  load  dissipation  of  21  watts  each  for  a total  of 
42  watts  for  both.  This  sums  up  to  141  watts.  The  remaining  9 watts  are  dissi- 
pated in  various  networks  throughout  the  system. 

In  the  next  system,  the  number  of  operational  ampii-  . - 

fiers  will  be  reduced  from  a total  of  135  to  a total  of  84.  This  will  achieved  * 

by  replacing  each  LM121/LM118  op-amp  pair  with  a single  Precision  Monolithics  j 

OP-07A.  Supply  voltage  to  the  op- amps  will  be  reduced  from  +15  VDC  to  +7^VDC.  i 

This  reduces  the  20  watt  requirement  in  the  channel  electronics  to  5 watts. 

The  9 watts  referred  to  as  dissipated  in  various  networks  will  be  reduced  to 
2.25  watts.  Voltage  to  the  LEDs  will  be  +7jVDC  and  voltage  t the  driver 
resistors  will  be  -4V.  This  reduces  the  previous  36  watts  required  by  the  driver 
section  to  13.8  watts  while  maintaining  the  same  bias  currents.  This  reduces 
the  power  required  by  the  three  complete  channels  of  electronics  from  a total 
of  65  watts  to  a tc^al  of  about  21.1  watts.  This  quantity  must  be  increased 
only  by  enough  f.  r power  supply  loss  in  order  to  obtain  the  total  input  power 
required.  Assuming  an  efficiency  of  607.  for  the  inverter  and  regulator  together 
for  an  optimum  system,  35.2  watts  would  be  required  from  a +28VDC  source. 

8.4.4  Wiring  Diagram  and  Circuit  Beard  Layouts 

Figure  8"25  shows  the  complete  wiring  diagram  for  the 
electronics  unit  and  the  interconnecting  cables  for  the  transmitter  and  receiver 
units.  The  circuit  board  layouts  with  the  major  components  indicated  by  the 
reference  numbers  from  the  electronic  schematic  diagrams  are  shown  in  Figures 
8-20,  8-21,  and  8-22. 
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8.5  Component  Testing 

Tests  were  conducted  during  OAMS  Phase  1 development  in  order  to  evaluate 
components  for  their  suitability  to  the  OAMS  application.  The  components  tested 
include  the  critical  components  (LEDs,  photodetectors  and  angle  sensing  crystals) 
as  well  as  the  Wollaston  prism  and  optical  filters.  All  of  the  work  described  in 
the  critical  component  test  plan  was  performed  as  shown  in  Table  8.9. 

Two  problem  areas  isolated  during  the  component  tests  are  marked  with 
an  asterisk  in  Table  8.9.  The  Texas  Instrument  (T.I.)  LEDs  degraded  significantly 
during  burn-in  and  the  photodetector  initially  selected  for  use  produced  excessive 
noise  and  drift.  Another  problem  reported  earlier  concerning  the  fact  that  the 
optical  filters  did  not  give  the  anticipated  channel  separation  is  ■■•a  longer  con- 
sidered important  based  on  the  system  lrst  results.  These  problems  ’-ill  be  described 
in  more  detail  in  the  following  summary  of  the  tests  along  with  an  evaluation  of 
their  effect  on  system  performance. 

8.5.1  LEDS 

Eighteen  types  of  Light  Emitting  Diodes  (LEDs)  have  been  tested 
as  part  of  an  evaluation  to  determine  the  most  suitable  LEDs  for  the  OAMS  applica- 
tion and  the  best  optical  configuration.  The  LEDs  tested  are  listed  in  Tables 
8.10  and  8.11.  Tests  were  performed  to  verify  the  specified  values  of  power  output, 
beam  width  at  the  half  power  points,  spectral  peak  wavelength  and  half  power  band- 
width, frequency  response,  distortion  and  the  change  in  these  parameters  over  time 
and  temperature  changes. 

Intensity  profiles  of  the  LEDs  used  in  OAMS  are  shown  in  Figure 
8.26.  The  SLH3  ( Ac=  800  nm)  and  SLH4  ( Ae  = 860  nm)  are  used  in  the  pitch  and  yaw 
channels  respectively.  These  LEDs  are  made  by  Texas  Instruments,  Inc.  The  General 
Electric  SSL-55C  is  presently  used  in  the  system  roll  channel.  A replacement  is 
now  necessary  for  the  SSL-55C  because  General  Electric  no  longer  offers  this  type 
of  LED  in  its  product  line.  A two  dimensional  intensity  profile  of  the  SSL-55C  is 
shown  in  Figure  8.27.  These  profiles  provide  information  on  beam  uniformity  and 
can  be  used  to  determine  the  percentage  of  power  which  can  be  collected  by  an 
optical  system  with  a given  f /number  as  shown  in  Figure  8.28. 

These  profiles  also  show  the  variation  in  beam  intensity  which  can 
be  expected  in  the  OAMS  system  and  why  the  LED  control  loop  is  required  to  keep  the 
LEDs  balanced  in  intensity  at  any  point  in  the  beam. 

A spectral  profile  of  the  OAMS  LEDs  is  given  in  Figure  8.29.  This 
information  is  important  in  evaluating  the  cross  talk  between  channels  which  are 
separated  by  using  optical  bandpass  filters. 

The  relation  between  output  power  and  forward  current  for  the  SSL- 
55C  is  shown  in  Figure  8.30  for  a particular  heatsink  and  ambient  temperature. 

This  relationship  must  be  considered  for  the  extremes  of  ambient  temperature  in 
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LED  RESPONSE  TO  DRIVE  CURRENT 


which  the  LED  must  operate  in  order  to  avoid  saturation  or  damage  to  the  junction. 
The  effect  of  temperature  on  SSL-55C  output  and  efficiency  is  shown  in  Figure  8.31. 
A typical  value  for  efficiency  is  -.37/°F.  The  warm  up  time  for  an  LET'  depends 
on  its  construction  and  heat  dissipation  of  the  heat  sink.  Figure  8.32  shows  a 
typical  LED  output  reaching  stability  after  5 minutes.  The  peak  wavelength  varies 
with  forward  current  as  shown  in  Figure  8.33.  The  spectral  shift  with  temperature 
must  be  considered  in  evaluation  of  system  crosstalk. 

Frequency  response  and  distortion  were  evaluated  in  the  low  fre- 
quency range  of  10  to  10,000  Hertz.  No  significant  distortion  or  attenuation  with 
frequency  response  was  observed  over  the  temperature  range  of  0°  to  140°F  as  long 
as  the  LED  bias  current  value  was  below  the  saturation  range. 

Burn  in  tests  are  important  in  determining  reliability  character- 
istics for  LEDs.  The  biggest  degradation  usually  occurs  in  the  first  few  hundred 
hours  of  operation.  Burn  in  produces  diodes  with  more  stable  performance  and,  in 
addition,  allows  more  defective  units  to  be  separated  because  they  are  frequently 
characterized  by  more  unstable  performance.  Burn  in  tests  have  been  conducted  on 
74  LEDs  representing  six  types  of  materials  or  manufacturers.  Tests  were  conducted 
for  periods  between  200  and  500  hours  at  forward  currents  which  were  approximately 
half  the  maximum  rated  value.  The  standard  commercial  types  (SSL-55C,  FLV104  and 
MV4H),  showed  typical  5-107,  output  decrease.  Figure  8.34  shows  reliability  data 
provided  by  General  Electric  on  an  LED  very  similar  to  the  SSL-550.  The  SLH3  and 
SLH4  diodes  which  had  been  selected  for  wavelength  and  packaged  for  the  Chrysler 
Corporation  requirements  by  Texas  Instruments  showed  a 507.-907,  output  decrease  in 
200  hours  of  operation.  This  phenomenon!  was  then  verified  by  T.  I.  as  shown  in 
Figure  8.35  which  lists  the  probable  cause  as  contaminants  in  the  crystal  growing 
reactor.  Further  investigation  revealed  that  Wright  Patterson  Air  Force  Avionics 
Laboratory  had  experienced  a similar  problem  with  LEDs  from  T.  I.  made  of  the  same 
type  of  semiconductor  material.  This  degradation  of  GaAsP  devices  was  one  of  the 
two  problem  areas  isolated  during  the  component  testing. 

Texas  Instruments  has  manufactured  LEDs  .rora  GaAlAs  material  in 
the  same  wavelength  region  as  the  GaAsP.  These  devices  have  had  much  better  reli- 
ability. Burn  in  tests  at  Chrysler  indicated  a typical  degradation  of  57  during 
130  hours  of  operation.  Several  GaAlAs  LEDs  failed  at  one  time  during  the  burn 
in  test  due  to  what  was  thought  to  be  an  external  factor  in  the  test  setup.  T.  I. 
has  performed  extensive  testing  of  GaAlAs  reliability  with  good  results. 

8.5.2  Detectors 

A detector  with  a built  in  preamplifier  was  initially  selected 
for  the  OAM5  system.  This  offered  the  advantage  of  reducing  capacitance  and 
interference  on  the  signal  by  minimizing  the  distance  between  the  detector  and 
preamplifier.  Thi  UDT-600  detector/preamplifier  combination  operating  in  the 
biased  mode  was  determined  in  test  to  be  very  temperature  sensitive.  The  dark 
current  offset  increased  two  orders  of  magnitude  from  0°F  to  140°F  as  shown  in 
figure  8.36.  Although  compensation  was  possible,  it  would  be  difficult.  Figure 
8.37  shows  the  change  in  offset  of  the  UDT  600  detector  without  the  preamp  in 
both  the  biased  and  unbiased  mode.  The  detector  offset  in  both  modes  was  approxi- 
mately the  same  value  at  low  temperatures.  It  can  be  seen  that  the  unbiased 
detector  will  require  less  temperature  compensation.  The  temperature  change  in 
the  preamplifier  offset  voltage  is  shown  in  figure  8.38.  The  noise  and  tempera- 
ture characteristics  of  the  preamp  used  in  the  UDT-600,  the  Teledyne  Philbrick 
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DETECTOR  TEMPERATURE 


0°F  70°F  140°F 

DETECTOR  TEMPERATURE 


1421,  is  not  as  good  as  others  available  as  discrete  components.  The  change  in 
responsivity  was  +20%  with  a +70°F  change  in  temperature.  This  was  observed  with 
or  without  the  preamplifier  and  in  both  the  biased  and  unbiased  mode.  Silicon 
detectors  typically  show  only  +7%  responsivity  change  over  this  temperature  range 
as  observed  in  tests  on  the  RCA  C30808  detector. 

Distortion  and  frequency  response  are  shown  in  figures  8.->9  and 
8.40  for  the  UDT-600  detector  in  the  biased  mode.  Response  and  distortion  were 
minimal  throughout  the  OAMS  operating  region  from  925  to  3700  herz.  Temperature 
had  no  measurable  effect  on  these  parameters.  The  LED  drive  circuit  1 mited  the 
measurements  to  below  10,000  herz. 

Detector  noise  was  measured  for  the  UDT-600  in  the  biased  mode 
as  shown  in  figure  8.41.  The  noise  was  divided  into  low  frequency  and  high  fre- 
quency. High  frequency  in  this  case  was  everything  which  could  not  be  identified 
as  low  frequency  below  20  herz.  The  dependence  of  low  frequency  noise  with  the 
level  of  incident  radiation  is  also  shown.  The  noise  is  within  the  detector  speci- 
fication at  70°F  but  increases  significantly  with  temperature. 

In  order  to  reduce  low  frequency  noise  and  the  change  in  detector 
offset  with  temperature,  the  UDT  PIN-5DP  photovoltaic  detector  was  used.  The 
reduced  temperature  effect  on  detector  offset  current  is  shown  in  figure  8.42  and 
on  the  low  frequency  noise  is  shown  in  figure  8.43.  The  high  frequency  noise  in  the 

test  setup  is  the  combined  effect  of  detector  and  an  external  amplifier.  The  eff°cr 

of  temperature  on  responsivity  was  about  +14%  for  a +70°F  change. 

8.5.3  Angle  Sensing  Crystals 

The  fringe  spacing  in  the  fringe  pattern  produced  by  the  angle 
sensing  crystals  was  measured  with  light  through  a band  pass  filter  centered  at 
630nm  and  then  extrapolated  to  the  operating  wavelengths  of  the  OAMS  system. 

The  period  of  the  fringes  at  800nm  is  5.5°.  At  860nm  it  is  5.9°  and  at  940nm  it 

is  6.4°.  This  is  in  close  agreement  with  the  expected  fringe  spacing  of  the  speci- 
fied lmra  thick  crystal. 

The  fringe  pattern  of  an  angle  sensing  crystal  was  monitored 
while  the  crystal  was  cycled  in  temperature  from  0°F  to  140°F  to  determine  the 
change  in  the  fringe  period.  Two  detectors  were  positioned  at  the  half  intensity 
points  of  an  adjacent  fringe.  There  was  no  change  in  fringe  spacing  within  the 
accuracy  of  the  test  which  was  approximately  +0.4%  of  the  field  of  view  or  +1  arc 
minute.  A test  setup  to  improve  the  accuracy  would  require  a system  as  sensitive 
as  the  OAMS  or  a more  adaptable  temperature  chamber.  Further  evaluation  was  con- 
ducted in  the  subassembly  testing  reported  below. 

8.5.4  Optical  Filters 


The  optical  interference  filters  were  evaluated  for  transmission, 
cross  channel  interference  and  changes  with  temperature.  Figure  8.44  shows  the 
performance  of  the  filters  in  the  component  test  and  the  system  test  and  gives 
the  initial  design  estimate  for  comparison.  The  system  tests  are  the  most  meaning- 
ful since  they  test  the  filters  in  the  manner  in  which  they  are  used  in  the 
system.  The  variation  from  design  was  primarily  due  to  the  Inability  to  accurately 
express  the  LEDspectral  intensity  from  vendor  specifications.  Spectral  data  taken 
on  LEDs  at  Chrysler,  presented  previously,  show  more  long  wavelength  emission  than 
anticipated. 
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FIGURE  8.42 


Figure  8.HH  Filter  Tran».-ni  ssion 


From  this  correction,  it  would  be  expected  that  the  roll 
channel  would  have  the  most  interference  (3  times  as  much  as  initial  design) 
and  that  was  the  case.  Another  factor  was  the  difference  in  central  wave- 
length and  peak  wavelength  for  Che  filters  as  shown  in  figure  8.43.  Because 
the  peak  wavelength  is  close  to  the  high  frequency  cutoff  side  of  the  tilter, 
more  of  the  higher  frequency  LED  output  from  the  adjacent  channel  will  be 
transmitted. 

The  transmission  of  the  filter  varies  with  translation  and 
angle  as  shown  in  figure  8.46.  The  angular  effect  must  be  considered  in  our 
system  since  an  axial  ray  in  our  system  will  enter  the  filter  at  approximately 
7.5°  which  corresponds  to  approximately  90%  of  maximum  transmission  at  normal 
incidence . 

The  effect  of  temperature  on  transmission  is  shown  in  figure  8.50. 

8-5.5  Wollaston  Prism 

The  Wollaston  deflection  angles  and  physical  dimensions  were 
found  to  be  slightly  out  of  the  specification  Chrysler  had  applied  in  ordering 
them  from  the  Karl  Lambrecht  Corporation.  This  deviation  made  the  alignment 
and  mounting  of  the  optics  difficult  but  should  not  have  a significant  effect 
on  system  performance. 


8-95 


8.6  Subassembly  Tests 


The  objective  of  the  subassembly  testing  was  to  determine  the  tem- 
perature dependence  of  the  optics  by  adding  one  optical  component  at  a time  to 
the  OAM S mechanical  assembly  between  temperature  cycles.  Figure  8.47  shows  the 
individual  and  combined  effects  of  the  LED  and  detector  temperature  dependence. 

The  effect  of  the  other  transmitter  and  receiver  components  (except  the  emersion 
lens  and  filter)  is  shown  in  figure  8.48  and  8.49  respectively.  When  the  effect 
of  the  special  filter  is  taken  in  account  (Figure  8.50)  the  total  effect  on  the 
OAMS  signal  amplitude  is  shown  in  figure  8.51.  This  change  of  about  +30/1  for  +70°F 
temperature  change  should  be  within  the  range  of  the  system  A.G.C.,  although  an 
LED  control  loop  is  also  expected  to  be  required  to  keep  the  LEDs  balanced  during 
the  large  change  in  output  power  with  temperature.  There  was  no  degradation  in 
appearance  or  performance  of  any  of  the  optical  components  or  mounts  during  these 
tests.  The  immersionlens  was  not  incorporated  into  these  tests. 
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9.0  SYSTEM  TEST  AND  EVALUATION 


9.1  General 

Tests  were  performed  to  determine  system  accuracy  and  stability  and 
operating  characteristics  in  evaluating  the  ability  of  the  system  to  measure 
three  axes  angular  motion  between  transmitter  and  receiver.  The  test  program 
followed  the  General  Test  Plan  TP73-6-TP  revised  15  March  1974  except  as  noted 
below  in  the  discussion  of  the  tests. 

The  lifetime  problem  of  the  LEDs  in  the  pitch  and  yaw  channel,  noted 
previously,  limited  the  tests  requiring  long  operating  time  such  as  the  stability 
testing  and  light  level  control  calibration.  Temperature  was  maintained  at  74°F 
+4  F.  Barometric  pressure  was  controlled  within  28,5  + 4.5  inches  of  mercury. 
Relative  humidity  remained  between  20  to  80  percent.  Air  turbulence  and  the 
fluorescent  room  lighting  were  not  found  to  be  an  important  factor  on  system 
performance.  The  tests  are  discussed  in  the  categories  shown  in  the  Test  Sunmary, 
Table  9.1. 


All  tests  were  conducted  at  a range  of  25  feet,  except  where  noted, 

9.2  Stability  and  Warmup  Tests 

9.2.1  Stability 

The  stability  was  determined  over  a period  of  3 hours.  System 
instability  is  defined  here  ns  the  total  change  in  system  output  vhile  the  angles 
between  transmitter  and  receiver  arc  held  constant  and  is  shown  in  Table  9.2. 

The  test  was  conducted  for  1 hour  at  0°,  0°,  0°  input  for  pitch,  yaw  and  roll 
angle  respectively  and  2 hours  at  .5°,  .5°,  ,5°  input  angles.  An  instability 
related  to  a bad  solder  connection  was  isolated  and  corrected.  No  other  insta- 
bilities were  seen  during  the  test  program  except  at  0°F  in  the  temperature  tests 
described  later.  The  time  for  stability  tests  had  originally  been  scheduled  for 
40  hours  but  this  was  limited  by  the  LED  lifetime. 

This  test  and  the  following  test  program  indicate  that  the  sys- 
tem has  good  short  term  stability.  Long  term  stability  was  not  determined  but 
a high  degree  of  stability  would  not  be  expected  for  this  system  since  the  LED 
control  loop  was  not  implemented  to  keep  the  LEDs  balanced  during  their  output 
degradation  with  time.  It  is  estimated  that  the  output  of  the  LEDs  in  pitch  and 
yaw  dropped  over  507,  during  the  test  program  alone.  The  long  term  system  stab- 
ility will  be  affected  by  this  accelerated  aging  process  when  uncompensated. 

9.2.2  Warmup 

The  system  warmup  and  recovery  time  was  determined  under  a 
variety  of  conditions.  The  best  and  worst  case  warmup  time  is  shown  in  Tabic  9.2 
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TEST 

STATUS 

COMMENTS 

Stability  and  Warmup 

Completed 

Testing  time  shortened 
because  o£  LED  lifetime 
problem 

System  Calibration 

Completed 

Derived  calibration  curves 

Accuracy  Tests  - 
Crosscoupling 

Completed 

Extreme  Range 

Completed 

Light  Level  Control 

Completed 

i 

Reduced  evaluation  test 
due  LED  lifetime  problem 

Translation 

Completed 

Full  lateral  range  for 
goal.  Line  of  sight  move- 
ment was  limited  to  + 3 
inches  by  test  setup.  Meets 
requirement  (+1)  but  not  goal 
(+5  inches) 

Response  Time 

Completed 

Step  Angle  simulated. 

Unable  to  rotate  wedge  at  10  Hz 

Background  Radiation 

Completed 

Input  Power 

Partially 

Completed 

Transients,  ripple  and  reverse 
polarity  power  tests  not  per- 
fo rmed. 

1 

General  System  Characteristics 

Completed 

Temperature  Tests 

Completed 

Test  indicates  need  for  LED 
control  loop. 

Test  Summary 

Completed 

Table  9.1. OAMS  System  Test  and  Evaluation  Outline 


E 
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STABILITY  over  a 3-hour  period 


1 Total  change  in  system  output  4 m volt  j 4 m volt  20  m volt 

The  only  observed  instability  was  corrected  by  resoldering  a connect- 
ion on  the  detector  preamp  offset.  No  other  instability  was  seer,  in 
75  hours  of  system  tests. 


WARMUP  and  recovery  time  required  for  system  to  return  Co  within  5 arc  seconds 
of  nominal  value 


Pitch 

Yaw 

Roil 

System  wan..up  (worst  case)  ' 

i 

100  sec 

10  sec 

40  sec 

System  warmup  (best  case) 

[ 

5 sec 

2 sec 

20  sec 

LED  warmup,  system  on 

(worst  case  conditions) 

15  sec 

2 sec 

40  sec 

Recovery  from  blocked  beam 

1 sec 

1 sec 

4 sec 

Data  averaged  over  32  turn  on  events. 


Table  9.2.  Stability  and  Warmup 


for  each  channel.  The  time  was  longer  for  stability  at  large  angles.  The 
warmup  time  is  defined  here  as  the  time  which  the  system  takes  to  return  to 
within  5 arc  seconds  of  the  nominal  output  after  system  power  is  applied. 

Figure  9.1  shows  the  approximate  variation  in  warm  up  time 
with  the  time  the  system  has  been  off  prior  to  test.  Part  of  the  warm  up  time 
is  caused  by  differences  in  output  of  the  pairs  of  LEDs  until  they  reach  thermal 
equilibrium  where  they  were  balanced.  This  is  particularly  important  in  roll 
as  seen  in  Table  9.2.  Warmup  should  not  be  a problem  when  an  LED  control  loop 
is  employed  or  where  the  system  is  left  running  all  the  time.  This  factor  will 
have  to  be  carefully  considered  in  a system  incorporating  time  sharing  to  elim- 
inate interference  between  channels. 

Also  shown  in  Table  9.2  is  the  system  recovery  time  after  the 
beam  has  been  blocked.  The  roll  response  reflects  the  output  filter  employed  in 
that  channel  to  improve  signal  to  noise  characteristics  for  testing  purposes. 

9.2.3  Interference  Between  Channels 

The  interference  effect  of  the  three  channels  on  each  other 
was  determined  by  turning  on  the  channels  separately  and  in  different  combinations. 
The  results  are  tabulated  iu  Table  9.3.  Data  was  taken  of  this  effect  with  all 
angles  set  at  0 degrees  and  again  at  .5°.  Only  the  latter  is  shown  in  the  figure 
since  the  effects  on  the  sum  signals  were  similar.  As  expected,  the  pitch  channel 
(Ac  * 800  nm)  has  the  most  effect  on  the  yaw  channel  (Ac  = 800  nm)  and  yaw  has 
the  most  effect  on  the  roll  channel  (Ac  950  nm)  . The  reason  is  that  the  LED 
output  trails  off'to  longer  wavelengths  but  cuts  off  sharply  at  the  shorter  wave- 
lengths (pitch  id) Jeast  affected). 

Because  of  the  decrease  in  pitch  and  yaw  • ED  outputs  relative 
to  the  roll  LEDs,  the  change  in  roll  shown  in  the  figure  is  only  about  half  that 
expected  with  equal  beam  power  in  all  channels. 

The  change  observed  in  system  output  is  a relatively  constant 
effect.  The  change  due  to  interference  will  change  proportionally  to  the  effect 
on  the  sum  signal  of  that  channel.  For  example,  a 207.  change  in  the  efr  t of 
yaw  on  the  roll  channel  will  only  change  the  output  by  4 arc  seconds  at  the  nomi- 
nal angle  of, 5 degrees.  The  AGC  scale  factor  adjustment  will  be  made  with  all 
channels  operating  in  order  to  take  this  interference  into  account. 

9.3  Calibration 


9.3.1  General 

The  light  level  control  calibration  originally  planned  was 
reduced  to  a verification  of  the  range  switch  function  at  a fixed  range  of  25 
feet  and  a test  of  the  AGC  function  by  placing  attenuators  in  the  path  of  the 
LED  beam.  This  is  reported  in  section  9.4.3. 

Angular  sensitivity  calibration  of  the  system  was  r r formed 
in  order  to  relate  the  system  output  voltages  to  the  angular  relation  of  a given 
coordinate  system.  This  is  discussed  in  more  detail  in  section  9.10. 

In  order  to  test  the  system,  an  independent  measuring  system 
using  turn  tilt  tables,  mirrors  and  autocollimator-,  is  required.  This  means 
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PITCH  OUTPUT 


TIME  THE  SYSTEM  WAS  OFF  PRIOR  TO  TURN  ON  TEST  (SECONDS) 


Pitch  + Roll 


All  Channels  On 


Table  9.3  Interference  between  Channels 


It  should  be  noted  that  this  acts  as  a iclutively  constant  bias  on  the  ACC  and 
has  only  small  effect  on  system  output. 

NOTE  (l):  These  measurements  are  cross  channel  light  leakage  through  their 

respective  optical  filters. 

NOTE  (2'':  Since  all  three  channels  operate  together,  the  total  light  or  sum,  which 

controls  the  ACC  must  be  considered  in  the  calibration  of  each  scale 
factor  adjustment. 


thac  another  transformation  Is  necessary  and  errors  are  developed  In  the  moni- 
toring system.  The  system  output  Is  related  to  the  Input  angles  (i,,  12  and  i,) 
by  a simple  angular  coordinate  t rails  format  ion  based  on  cons’*  taints  within  thu 
two  coordinate  systems.  The  optic  and  electronic  nonlinearitics  and  mlsndjugt- 
ments  will  be  displayed  when  the  output  data  is  plotted  and  compared  to  predict- 
ions. These  functions  arc  determined  theoretically  and  through  test  results. 

The  relation  between  the  desired  angle  and  the  system  output  voltage  is  the 
method  of  calibration  of  the  system. 

The  relation  is  given  in  Table  9.4  along  with  the  transforma- 
tions (calibration  curves)  derived  for  Lite  OAMS  brassboard.  This  set  of  trans- 
formation equations  will  include  all  effects  including  the  cross  coupling  in 
the  coordinate  transformation,  optic  and  electronic  nonlinearities  and  misadjust- 
ment , cross  channel  interference  and  any  other  effects  except  sensitivity  to 
temperature  and  background  radiation. 

The  data  taken  for  calibration  purposes  havebeen  plotted  in 
Figures  9. 2,9. 3 and  9.4  together  with  the  deviation  from  the  associated  trans- 
formation (calibration)  equation.  An  indication  of  the  predictability  of  the 
system  is  given  in  Table  9.5  which  shows  the  deviation  of  the  data  from  the 
calibration  curve  and  the  standard  deviation  for  the  sot  of  data  for  each  channel, 

9.4  Accuracy  Tests 


9.4.1  Cross  Coupling  Accuracy 

In  order  to  evaluate  system  accuracy,  333  points  were  selected 
out  of  the  throe  dimensional  coordinate  space  defined  by  pitch,  yaw  and  roll. 

The  selection  of  these  points  and  the  deviation  of  the  system  output  at  these 
points  compared  to  the  calibration  curves  is  given  in  Table  9.6.  These  are  the 
results  which  determine  the  accuracy  of  the  OAMS  to  measure  angles  and  combines 
the  effect  of  systematic  and  dynamic  errors.  For  evaluation,  the  data  for  angles 
less  than  or  equal  to  +1/2°  are  treated  separately  from  data  for  angles  greater 
than  1/2°. 


9.4.2  Extended  Angular  Range 

The  maximum  useable  range  and  the  decrease  in  accuracy  beyond 

the  goal  range  of  +1°  was  determined  out  of  +2°  in  pitch  and  yaw  and  out  to  +3° 

in  roll.  The  data  is  shown  in  Figures  9.5,  9.6  and  9.7  together  with  the  asso- 
ciated transformation  equation.  The  change  In  the  other  channel  outputs  is  also 

shown  in  these  figures.  Data  was  taken  with  the  angles  nominally  set  at  0°  and 
also  at  1/2°.  Only  the  nominal  data  at  0°  is  shown  because  the  data  was  similar 
out  to  1.5°.  The  change  in  all  the  DC  sum  signals  with  pitch  shown  in  Figure  9.8 
was  typical  of  the  effect  in  ail  channels. 

9.4.3  Light  Level  Control 

The  range  selection  control  evaluation  was  limited  to  changing 
the  range  switch  to  other  positions  while  the  system  remained  at  the  range  of  25 
feet.  This  verified  that  the  range  control  resistors  selected  by  calculation 
were  approximately  correct  and  maintained  the  scale  factor  at  1 mv/arc  second 
+107,  for  adjacent  ranges.  The  extreme  ranges  could  not  be  tested  when  the  sig- 
nals were  either  too  low  or  saturated  at  the  fixed  range.  The  scale  factor  in 
the  brassboard  system  will  change  with  range.  The  selection  of  those  resistors 
would  normally  be  a calibration  procedure  performed  at  different  values  of  range 
in  order  to  keep  a close  tolerance  on  the  scale  factor. 


PITCH 


INPUT  ANGLES  IN  TEST 


SYSTEM  OUTPUT  VOLTAGE 


i3  (arc  seconds) 
V-j  (millivolts) 


SYSTEM  TRANSFER  EQUATIONS  (Calibration  Curve) 

V1  = fl  (il)  + 81  <i2)  + hl  (*3>  + R1  Ci2  ^3) 

V2  = f2  (l2^  + f 2 (ll>  + h2  (l3^  + r2  ^1  *3) 

V3  = f3  (i3)  + g3  (ij)  + hj  ( i 2 ) r3  (ij  i-2^ 


f,  g,  h & k are  functions 
determined  through  calibra- 
tion procedure 


1st  Order  Caused  by  Crosscoupling,  Nonlinearities, 

Misad justment  and  Interference 


I 


BASIC  COORDINATE  TRANSFORMATION  EXPECTED 

V1  * H + L2  h 

v 2 ='i2  + i-l  13  Derived  in  paragraph  9.10 

for  present  test  setup 

V3  *-13  + '2  i-1  l2 


OAMS  BRASSBOARD  CAI.IBRATION  CURVES 

Vx  * (3397  + 5.7  X 10~6i|)  sin  (.01833  13)  - 1.5  x 10'5i2  + 1 

V2  = (3450  + 3.6  x 10  6i2)  sin  (.01705  i2)  + 3.3  x 10~2  ij 

V3  = {.991  + 1.5  :•  10-9  [(il  _ 900) 2 + (i2  + 900) 2J j ij  + 0.029 


Table  9.4.  Transformation  Equations 
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THIS  DATA  WAS  TAKEN  BEFORE  THE  IMPROVEMENTS 
IN  THE  SYSTEM  SIGNAL  TO  NOISE  WERE  INCOR- -i> 
PORATED . NEW  DATA  SHOWED  SIGNIFICANT 
IMPROVEMENT . 


TOTAL  ERROR  FROM  CALIBRATION  CURVE 
V3=.99L  i 3 + (0.029  i j -2 . 3xlO*6i |) -5 . 5x1 

-rl.7  :<  LO"3  iLi2 
EQUIVALENT  ROLL  ANCLE  ‘ “ 

(ARC  SECONDS) 


NOTE  1:  Standard  Deviation  of  data  from  calibration  curves  without  crosscoupling . 


This  error  includes  optic  and  electronic  nonlinearities  and  misad justments , 
short  term  instability,  cross  channel  interference,  noise  and  all  testing 
errors  including  voltage  and  angle  measurement. 

NOTE  2:  Standard  deviation  of  data  from  calibration  curves  where  systematic  errors 

are  minimum. 

NOTE  3:  1 <r  value  based  on  signal  to  noise  measurements  (see  paragraph  9.8.2) 


NOTE  4:  Subsequent  improvements  have  made  substantial  reduction  in  the  signal  to 

noise  ratio  of  the  system  since  these  tests  were  made. 


Table  9.5.  Brassboard  Calibration  Error  Without  Crosscoup  Ling 


i 

I 

I 


STANDARD  DEVIATION 
(+  ANGULAR  RANGE) 

Note  1 

PITCH 

YAW 

ROLL 

{7*(+3 0 Arc  Minutes,  All 
Note  2 

Angles) 

8 sec 

3,6  sec 

16  sec 

(y  (+60  Arc  Minutes,  All 
Note  3 

Angles) 

- 

- 

- 

Table  9.6. Krassboard  Calibration  Error  with  Crosscoupling 


Note  Is  The  pitch  scab  factor  was  increased  3/  and  the  yaw  scale 
factor  was  increased  17  above  the  values  determined  in  the 
calibration  test  performed  one  week  previously, 

Note  2:  79  data  points  were  taken  in  u~ (+30‘).  They  were  not 

selected  randomly,,  All  extreme  positions  were  included 
in  the  sampled  positions. 


Note  3:  333  total  data  points  were  taken  for  crosscoupling  evalua- 

tion. The  standard  deviation  (7" (+60')  was  not  deterr  ined 
because  the  calibration  curves  were  derived  for  the  +30' 
range  , 

Note  4:  The  error  shown  in  this  table  includes  all  system  and 

lest  eriors  which  have  not  been  calibrated: 


1 . 

Opt  ie 

no  nl  i 

nearity  and 

mi  sad  justmenl 
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Elect  roni o 

nonl i nearity 

and  mi  sad justmenl 

3. 

Short 

t e rm 

i nst  ahi  lity 

4. 

Cross 

channel  inter  lore 

nee 

S . 

No  i so 

(>. 

Coo  rd  i 

nate 

<■  rosscoupl  i ng 

7. 

Test  o 

rro  rs 

i n vo 1 1 age 

and  angle  measuremeni 

H. 

Accel c 

rated 

LED  aving, 

pitch  and  yaw  channel. 
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EXPECTED  FRINGE 


YAW  CALIBRATION  CURVE 


FIGURE 


ROLL  CALIIJRATiiH;  CURVE 


ROLL 


PITCH  ANGLE  (DEGREES 


The  ACC  was  functionally  tested  placing  optical  attenuators 
in  the  LID  bean.  Threo  attenuators  were  uaed  to  provide  attenuation  to  927., 

87.2%  and  341,  The  system  was  tested  with  a nominal  angle  at  0U  and  again  with 
1/2°  in  all  channels.  System  output  changed  less  than  200  millivolts  in  all 
cases,  Indicating  that  the  ACC  was  functioning  properly.  The  changes  seen  were 
attributed  to  wedge  angles  and  birefringent  effects  in  the  attenuators, 

9.4.4  Translation 

The  accuracy  of  the  system  for  angle  measuring  is  determined 
under  the  condition  when  the  receiver  and  transmitter  are  translated  relative 
to  each  other.  It  is  important  that  the  system  be  insensitive  to  this  movement 
since  there  Is  no  way  to  correct  for  it.  Translation  was  performed  +2.5  inches 
in  the  horizontal  lateral  direction  and  +3  inches  in  the  direction  at  the  system 
line  of  sight.  Translation  was  performed  to  82  different  positions  with  nominal 
Input  angles  of  1/2  degree  and  to  28  positions  with  nominal  input  angles  of  0 
degrees. 

Typical  deviations  with  translation  are  shown  in  Figures  9.9 
and  9.i0.  The  results  of  the  test  are  summarized  in  Table  9.7, 

9.5  Response  Time 

As  discussed  in  the  General  Test  Plan,  the  system  response  test  was 
performed  in  two  different  ways. 

9.5.1  Method,  1 

In  this  method  the  system  remains  at  a constant  angle  (nominally 
1/2°)  while  the  AC  modulation  signal  to  the  LEDs  is  interrupted.  When  the  modula- 
tion signal  is  opened,  the  LEDs  are  driven  only  at  their  bias  level  which  gives 
a system  output  of  0 volts.  An  angular  step  is  simulated  by  suddenly  applying 
the  modulation  to  the  LEDs.  This  is  not  a true  system  response  because  the  LiiD 
drive  may  experience  a delay  but  the  receiver  and  signal  processing  elcctromcs 
cannot  tell  the  difference.  Response  and  settling  time  is  summarized  in  Table 
9.8.  Response  measured  in  this  way  was  within  the  specified  0.045  seconds.  The 
roll  channel  response  time  was  increased  to  reduce  noise  for  testing  and  is  not 
within  the  specified  value. 

9.5.2  Method  2 

A counter-rotating  wedge  of  15  arc  minutes  total  deflection  was 
used  to  measure  response  in  the  lateral  channels.  This  wedge  can  be  set  to  vary 
only  one  channel  at  a time  but  was  so  massive  that  it  could  not  be  Jri.en  faster 
than  3 revolutions/second  which  was  Inadequate  to  test  the  required  L('  Hz  systems 
response.  The  data  obtained  Is  presented  In  Table  9. ft. 

9.6  Background  Radiance 

In  order  to  uniformly  fill  the  system  field  of  view  to  determine 
response  to  background  radiance  , „ sheet  of  white  paper  with  three  holes  for 
the  transmitter  beam  was  placed  in  the  optical  path.  The  paper  was  irradiated 

f \ nno**t0n  bulbs  nt  500  wntts  power  consumption  and  with  a color  temperature 
of  3200  K.  The  system  response  to  this  background  is  shown  as  a function  of  the 
trradtance  at  the  receiver  from  the  background  in  Figures  9.11  and  9,12. 
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The  standard  deviation  of  readings  taken  daring  translation  are  shown. 
The  nominal  angles  were  pitch  = 30',  yaw  = 30'  and  roll  = 30'.  The 
range  of  translation  i->  inches  (L.O.S.  = Line  of  Sight,  LAT  = Lateral) 
is  shown  along  th  the  number  of  readings  in  each  group. 


STANDARD  DEVIATION 
(jiOS",  +LA1) 

POSITIONS  MEASURED 

— 
PITCH  YAW  ROLL 

0*(±1",  +.5") 

(15  positions) 

11  sec  6 sec  23  sec 

dr(+3",  +.5") 

(27  positions) 

10  6 25 

o~  (+3"  j + n 

(45  positions) 

12  21  27 

<T(± 3",  ±2.5") 

(81  positions) 

30  48  381 

Table  9.7.  Translation  Effect 


NOTE  (1):  The  error  shown  in  this  table  includes  all  system  and  test 

errors . 

1.  Noise 

2.  Short  term  instability  (mostly  noise) 

3.  Cross  channel  interference 

4.  LEO  imbalance  without  control  loo > for  correction 

5.  Test  errors  in  voltage  measurement 

6.  Test  errors  in  angle  measurement,  (mirror  flatness) 

7.  Autocollimator  nonlinearity 

NOTE  (2):  Subsequent  improvements  in  the  system  ; .;ved  the  readings. 


aae .aw. 


METHOD  1 - ANGULAR  STEP  FUNCTION  SIMULATED  ELECTRONICALLY 


RESPONSE  TIME 

SETTLING  TIME 

Applied  Signal 

.01  Second  1 

.01  Second 

Pitch  Output 

.04  (+.005)  Sec.  j 

.16  (+0.4)  Sec.  : 

I 

Yaw  Output 

.035  (+.005)  Sec, 

.2  (+.01)  Sec.  i 

Roll  Output 

.7  (+.1)  Sec. 

3 (+.5)  Sec.  j 

r i 

METHOD  2 - ROTATING  WEDGE  ANGLE  AT  3 HERZ 


Pitch  Output 
Yaw  Output 


RESPONSE 

93% 

down  0.63  db 

95% 

down  0.45  db 

Test  is  unable  to  determine  response  at  10  Herz 


Table  9.8.  OAMS  brassboard  Response  Time 


1RKAD1ANCE  AT  RECEIVER  FROM  BACKGROUND  (pwaCC^/cm 
( BACKGROUND  LIMITED  TO  FIELD  OF  VIEW) 


r radiance  at  reviver  from  uackg round  within  receiver  field  of  view 


m 


r-ify-TJ^- 


A single  bare  light  bulb  was  then  moved  across  and  beyond  the  recei- er 
field  of  view.  The  yaw  channel  Wollaston  acceptance  angle  at  +15°  can  be  seen  in 
the  system  effects  shown  in  Figures  9.13  and  9.14.  Essentially  all  of  the  effect 
on  the  system  is  through  the  DC  sum  and  the  system  AGC.  For  use  in  high  background 
within  the  field  of  view,  another  method  of  AGC  control  would  have  to  be  employed. 

9.7  f^ut  Power  Tests 


,:0  system  response  to  applied  voltage  between  0 and  33  volts  is  shown 
in  Figure  9.15.  The  response  is  presented  in  more  detail  in  Figure  9.16  between 
24  and  33  volts.  The  deviation  of  the  system  response  is  also  given  to  indicate 
the  effect  on  system  accuracy.  The  +15  VDC  changed  +5  millivolts  at  the  extremes 
of  the  24  to  33  volt  range. 

The  system  operated  for  over  5 minutes  at  input  voltages  between  0 and 
24  VDC  without  causing  any  damage  to  the  system.  The  system  accuracy  decreased 
severely  below  20-22  VDC  input  but  the  system  continued  to  respond  to  angular  input 
even  at  very  low  input  power  (4  volts)  and  signal  levels.  Supply  current  to  the 
system  and  the  DC  sum  signals  dropped  rapidly  below  a supply  voltage  of  20-22  volts 

9.8  General  System  Characterist i £s< 

9.8.1  Weight  and  Dimensions: 

Weight 

Transmitter  10.8  lbs. 

Receiver  14.0  lbs. 

Electronics  110. 0 lbs. 

9.8.2  Signal  to  Noise 

The  signal  to  noise  data  taken  at  25  feet  and  5 feet  are  given  in 
Table  9.9.  The  increase  in  signal  to  noise  at  5 feet  is  inversely  proportional  to 
the  square  of  the  distance  as  expected. 

9.8.3  Power  Consumption 

The  brassboard  electronics  takes  153  watts  of  power. 

9.9  Temperature  Effects 

The  effect  of  temperature  on  the  transmitter  is  shown  in  Figure  9.17. 

The  change  in  output  indicates  the  need  of  an  LED  control  loop  to  keep  the  LED 
output  balanced  ovt:r  the  large  change  seen  in  the  DC  sum  signal.  The  response 
of  the  entire  system  over  the  0"  to  140°F  temperature  range  is  shown  in  Figure 
9.18.  Only  the  pitch  channel  was  shown  since  it  is  typical  of  the  other  chan- 
nels. Near  U°F,  the  system  electronics  became  unstable.  Data  were  taken  for 
the  complete  system  from  35°F  to  140°F.  Within  the  accuracy  of  the  test,  there 
was  no  temperature  effects  on  the  electronics  other  than  what  was  observed  for 
the  transmitter  and  receiver.  This  means  that  further  temperature  compensation 
is  not  anticipated  for  the  system  electronics. 


Dimensions 

5.625"  dia.  x 6.759"  = 167.96  cu.  in. 
5.625"  dia.  x 8.270"  = 205.51  cu.  in. 
23"  x 21"  x 21" 
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ANGLE  Cl'  LIGHT  BULB  POSITION  FROM  SYSTEM  LINE  OF  SIGHT  AS  SEEN  AT  RECEIVER 

(DEGREES)  * 


VOLTAGE  LEVEL  (VOLTS) 


NOISE 

LOW  FREQUENCY 
SYSTEM  BANDWIDTH 

HIGH  FREQUENCY 
SYSTEM  BANDWIDTH 

Pitch  Output,  25  foot  range 

+1.5  Mill ivolt 

.5  Millivolt  p-p 

Yaw  Output 

+3 

1 

Roll  Output 

*+12 

.5 

Pitch  Output,  5 foot  range 

+1  Millivolt 

3 Millivolt  p-p 

Yaw  Output 

+0.5 

• 5 

Roll  Output 

Output  Response  = .045  S2c. 

*+3 

.5 

Output  Response  = 0.63  Sec. 

+0.5 

.5 

i 

♦Subsequent  improvements  in  signal  to  noise  ratio  reduced  the  noise  figure. 

NOTE  1:  Oscilloscope  used  for  evaluation  .^d  .5  millivolts  peak  o peak  high 

frequency  noise  on  crace. 

NOTE  2:  The  noise  levels  correspond  to  2 CT  values  where  or  m Standard  Deviation. 

A 2 cr  value  represents  a measuremen"  maximum  observed 
over  a relatively  long  period. 

Table  9.9.  Noise  on  System  Ovitput  Signals 


TEMPERATURE  OF  TRANSMITTER  AND  RECEIVER 
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9.10  Coordinate  Relationships  for  System  Evaluation  and  Application 
9.10.1  General  Considerations 

The  purpose  of  the  OAMS  system  is  to  relate  the  spatial  coor- 
inate  system  at  one  location  (associated  with  the  OAMS  transmitter)  to  the  spatial 
. coordinate  system  at  another  location  (associated  with  the  OAMS  target).  The 

relationship  between  these  points  can  be  defined  in  general  by  3 variables  (ii, 
i2,  and  i3)  which  are  not  uniquely  determined  until  the  spatial  coordinate  system 
| of  these  points  is  defined.  This  is  usually  determined  by  system  constraints 

in  which  movement  can  be  applied  through  a series  of  gimbals  or  by  external  orien- 
j tation  such  as  established  by  a navigation  system. 

I 

' Figure  9.19  illustrates  a reference  coordinate  system  as 

i defined  by  the  OAMS  statement  of  work  and  the  coordinate  system  defined  by  the 

OAMS  test  set  up.  It  can  be  seen  that  roll  is  the  outer  gimbal  and  yaw  is  the 
inner  gimbal.  The  total  transformation  Aj>  is,  therefore,  made  up  of  successive 
rotations  in  the  following  order:  Af  * A^  (i,)  Ap  (ij)  AR  (i^)  where  A^  (ij)  is 

is  the  roll  angle  transformation,  A (i^)  is  the  pitch  angle  transformation  and  Ay 
(i2)  is  the  yaw  angle  transformation. 

When  the  coordinate  axes  are  defined,  they  can  be  related  to 
the  OAMS  coordinate  system  through  the  general  coordinate  transformation,  Ap. 

The  OAMS  system  output  can  be  defined  by  the  angular  variables  i^,  i2  and  13 
corresponding  to  pitch,  yaw  and  roll.  This  coordinate  transformation  will  be 
derived  below  for  the  CAMS  Phase  I design  and  the  available  test  set  up. 

9.10.2  Coordinate  Transformation  for  System  Evaluation 


matrices: 


The  coordinate  transformation  is  defined  by  the  following 


cos  i2 

sin  i^ 

0 

cos  ij^ 

0 

-sin  ij  j 1 

0 

0 

-sin 

cos 

0 

> 

►V 

li- 
es 

1 

0 

11 

JT 

0 

cos  i2 

sin  i2 

0 

0 

1 

jsin  i! 

0 

cos  i^  0 

-sin  i2 

cos  i2 

u/ 


T TRANSMITTER 
i3=ROLL  (ABOUT  Z) -OUTER  GIMBAL 


RECEIVER 


il=PITCH  (ABOUT  Yr) 

i2=YAW  (ABOUT  XR) -INNER  GIMBAL 


TEST  SET-UP  COORDINATE  SYSTEM 


FIGURE  9.19 


DEFINITION  OF  COORDINATE  SYSTEMS 
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cos  ij  cos  i^ 

sin  i^  cos  i^ 

-sin  ij  cos  i2+cos  13  sin  i^  sin  i2 

cos  13  cos  i2+sin  i3  sin  ij^  sin  ^ 

sin  ij  sin  i2+cos  13  sin  ij  cos  i2 

-cos  i^  sin  i2+sin  i^  sin  i^  cos  i2 

-sin  i 
cos  i 
cos  i 


After  angular  movement,  the  moving  and  referenced  coordinates 

are  now  related: 


X' 

X 

Y' 

= 

Y 

_ 1 

N 

1 

Z 

MOVING  REFERENCE 


The  general  transformation  is  applied  to  the  OAMS  system  in 
the  following  manner: 


FOR  PITCH:  Consider  now  the  coordinates  referenced 

within  the  angle  sensing  crystal  as  shown 
in  Figure  9.20.  Take  the  projection  of  A' 
on  the  ZX  plane  to  obtain  the  actual  angled 
between  the  plates  relative  to  their  sensitive 
axis. 


(sin  i^  sin  i2+-os  i^  sin  i^  cos  ij)  X + (cos  ij_  cos  ij)  £ 

-1  /sin  i,  tan  i„  \ ,2 

tan,  I 1 + cos  i_  tan  i.lv  i-j+i-i^-^iji, 


sin  i. 
cos  i 


aw  .yfc  - 


m. 


N> 


— ■ r*  » — r»  > — f » 

A1  - “2  X - T Y 

n/2  a ^2  A 

A2  " -2  X + *2  q 


Pxy  | AlT  = ^C0S  i3  cos  iP  ^ + <sl*  i3  cos  ^ 

pxy  j A2  I = ("sin  *3  cos  i2  + cos  i3  sin  ij  sin  i3)  $ 

+(cos  cos  i2  + sin  i^  sin  i^  sin  i2)  $ 

-i/'sin  M 

an 

/-sin  ig  cos  i2  + cos  ig  sin  i^  sin  ig\ 

an  H cos  ig  cos  i^  + sin  ig  sin  i^  sin  iA  £ - i^+i^i^- 


The  roll  channel  difference  signal  (angle  dependent,  AC  term) 
as  given  in  equation  28,  Appendix  D,  is  as  follows 


VD  4 ^KlAl'H52A2^Rliml  +R2lm2  J simut  sin  2®f 


Deriving  this  equation  using  f>^  and  ^ gives  the  following: 
VD  = 4 (K^^^X^i^sin  2Pl+R2i,n^in  2P2)  sincut 


The  difference  in  f,  and  pc  is  (i^ig-g  ) an<*  w^en  compared  to  tha 
basic  angle  2ig  has  the  total  effect  on  the  roll  angle  ^as  shown: 

" - *j**i‘i  ' 4 


For  calibration  of  the  system,  the  following  approximations  are 
possible,  neglecting  effects  of  the  signal  processing  electronics. 
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Aj. 


The  sign  convention  in  the  analysis  was  that  positive  angle  % 
rotations  correspond  to  the  "right  hand  screw  rule."  This  set  of  equations  1 
should  relate  OAMS  sys  am  output  voltage  to  the  \nput  angles  during  test  under  J 
ideal  optic  and  electronic  linearity  and  adjustment.  | 


9.11  Test  Sunmary 

The  evaluation  of  the  performance  for  a high  accuracy  system  requires 
special  consideration  when  the  equipment  used  for  evaluation  is  not  significantly 
more  accurate  than  the  system  in  test.  It  is  desirable  that  the  combined  test 
errors  be  10  time*'  less  than  the  expected  system  errors.  It  is  not  possible  to 
meet  this  error  rutio  in  evaluation  of  the  OAMS  system.  The  major  sources  of 
system  and  measurement  errors  are  listed  in  Table  9.10,  together  with  the  measured 
« 1 estimated  error  magnitude  associated  with  each  source. 

UncerL.;nties  in  system  performance  were  primarily  due  to  short  term 
instability  (including  noise  which  was  subsequently  reduced  by  a factor  of  20) 
and  to  UED  imbalance  during  angle  or  translation  movement  which  was  improved  by 
a redesigned  USD  balance  control.  Measurement  uncertanties  were  primarily  pro- 
duced by  the  voltage  and  becomes  the  mirror  flatness  estimated  at  less  than  or 
equal  to  20  arc  seconds  per  inch  of  translation.  The  comparison  of  the  perform- 
ance to  the  calibration  curves  also  included  a small  error  since  more  terms  could 
ha*re  been  used  in  the  calibration  curve  to  express  the  function  more  accurately 
as  shown  in  the  error  estimate. 
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It  is  expected  that  most  of  the  error  sources  can  be  reduced  to  within 
the  estimated  values  shown  at  the  bottom  of  Table  9.10. 
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A summary  of  the  test  results  on  the  OAMS  brassboard  model  are  given 
in  Table  9.11A,  B,  C and  D,  together  with  a list  of  requirements  from  the  OAMS 
Phase  I statement  of  work.  Most  of  this  information  has  been  described  previously. 
Power  consumption,  weight  and  volume  are  shown  in  Table  9.11B  and  9.11C.  Table  9.11D 
summarizes  the  error  evaluation  for  angular  and  translational  movement  described 
previously.  Also  shown  in  this  table  are  the  values  of  error  which  chould  be 
expected  from  the  system  and  measurement  errors  listed  in  Table  9.10.  These 
expected  values  for  error  were  obtained  by  combining  the  error  sources  which  per- 
tained to  a particular  test  in  an  RMS  manner.  The  error  expected  after  the 
improvements  listed  in  Table  9.10  have  been  implemented  are  significant ly  less  in 
some  cases  as  seen  in  the  last  column  in  Table  9.11D.  All  measured  and  estimated 
errors  in  Tables  9.10  and  9.11  are  listed  as  a 2^  value  in  order  to  be  compatible 
with  the  requirements  as  given  in  the  statement  of  work  for  the  contract.  In  this 
case  «r'  represents  the  standard  deviation  of  the  data  sample  used  to  evaluate  a 
particular  performance  characteristic. 
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SOURCE  OF  ERRORS  IN  BRASSBOARD  EVALUATION 


Error  is  stated  as  2 (T  value  equivalent  angle 
at  25  feet. 

(arc  seconds)  for  evaluation 

Pitch 

Yaw  Roll 

SYSTEM  UNCERTAINTY 

*1. 

Short  Term  Instability  (including  noise) 

**2  Sec . 

**2  Sec.**4  Sec. 

*2. 

LED  Imbalance  with  Angle  and  Translation, 
Calculated  value  for  uncorrected  svstem 
Up  to  1/2"  angle  or  (+3"  LOS,  d;5"  LAT) 
translation 

Up  to  1°  angle  or  (+3"  LOS,  +2.5  LAT) 
translation 

/ 

1.3 

2.6 

1.3  14 

2.6  28 

*3. 

Cross  Channel  Interference  (+1°) 

1 

5 2 

4. 

Optic  and  Electronic  Nonl i neorit ies 

No  Estimate  Made  - 

MEASUREMENT  UNCERTAINTY 

*5. 

Error  in  Correcting  Geometric  Coordinate 
Crosscoupling  Estimate 

3 

3 3 

6. 

Voltage  Measurement  Errors 

2 

2 2 

7. 

a.  Angle  Measuring  Errors  - Calibration 

b.  - Crosscoupling 

c.  - Mirror  Flatness  Estimate 

2 

4 

20  sec/in 

2 2 

4 4 

20  sec/in  20  sec/in 

* Expected  Improvements  in  these  areas:  (Err 

1.  Signal  to  Noise  Improvement  1 

**This  was  accomplished  in  subsequent  work 

2.  Maintain  LED  Balance  with  Control  Loop 

within  + 1.0%  1 

3.  More  Polynomial  Correction  Terms  1 

4.  Improved  Quality  Mirrors  and  Mounts  5 sec 

Table  9.10 


(Error  with  Improvement) 


5 sec /in  5 sec /in  5 sec /in 


GOAL  I REQUIREMENT 


BRASS BOARD 


MEASUREMENT  RANGE 
Range 

Calibrated  Range 
Calibration  Curve 


ACCURACY 


Systematic  Error 

(+1/2°,  2<T) 


Systematic  Error 
(±1°,  2 a) 


Dynamic  Error 


TRANSLATION 

(+  1"  LOS,  +.5"  LAT) 


Polynomial  function  of 
angle  only  and  less  than 
10  terms 


No  Effect  on 
System 


Pitch  + lo 
Yaw  + 10 

Roll  +1°20  min 

Pitch  +40  min 
Yaw  +50  min 
Roll  +io20  min 

Pitch  5 terms,  angle 
only 

Yaw  5 terms.,  angle 
only 

Roll  3 terms,  angle 
only 


Refer  to  Figure  9-28d 
UNDER  EVALUATION 


Pitch  1.30  Sec. 
Yaw  .99  sec. 
Roll  1.40  Sec. 


Refer  to  Figure  9-28D 


(+3"  LOS,  +2.5"  LAT)  No  Effect  on 

System 


SATURATION  CHARACTERISTICS 
Full  Scale 

Recovery  Time 


<16.7  mv/sec 
Bipolar  out- 
put 


Hold  full  scale  output  for  Not  done  - brassboard 
angles  £ full  scale  deflec-  designed  to  determine 
tion  max.  range. 


4 sec 


Pitch  £st . <1  sec 
Yaw  < 1 sec 
Roll  4 sec 


Table  9.11A.  Evaluation  of  PAMS  Brassboard 


SYSTEM  RESPONSE 

Response  Time  , 0-90% 


7.  Response 


OPERATING  DISTANCE 
(Maintaining  other 
Requirements) 


TEMPERATURE  TEST 

Operating  Range 

Performance 


Power  Consumption 
Input  Power  Test 

0-20  vdc  input 
voltage 

Polarity  Reversal 

24-33  vdc  Input 
Voltage 


0.75  volt  RMS  Ripple 
1 hz  - 15khz 


+56  volt  peak  trans-  | 
ients  - 10/«sec  duration 
i/tsec  rise  time  at  5pps 


REQUIREMENT 


0.045  sec 


down  3 rib 
at  10  hz 


0-25  ft. 


20  watts 

survive 

survive 


BRASSBOARD 


Pitch  0.04  sec 
Yaw  0.035  sec 


Roll 

0.04 

sec 

Pitch 

937., 

down  .64db 

at  3 

hz 

Yaw 

957., 

down  .^db 

at  3 

hz 

Roll 

not  1 

tested 

Pitch 

5-25 

(5-50  est.) 

Yaw 

5-25 

(5-50  est.) 

Roll 

5-25 

(5-50  est.) 

0°-140°F  Trans/Rec.  0°-140°F 

System  35°-140°F 

Performance  Trans/Rec.  (Change  in 

Unaffected  Pitch  -0.147./°F  output) 

Yaw  +0.17C/°F 
Roll  -0.367./°F 

System 

Pitch  -0.167./°F 
Yaw  +0.1%/°F 
Roll  -0.367./°F 


150  watts 

survived 
not  tested 


perform  perform  unaffected 

unaffected 


perform 

unaffected 

pe  r fc  rm 
unaffected 


not  tested 


not  tested 


Table  9.11B.  Evaluation  of  OAMS  Brassboard 


/Usiilfe 


GOAL 


REQUIREMENT 


BRASSBOARD 


WEIGHT 

Transmitter  1 
Receiver  J 

Electronics  (exception 
made  by  agreement) 

23  lbs. 

54  lbs. 

Included  in 
Transmitter 

10.8  lbs. 

14.0  lbs. 

110.0  lbs. 

(Weight  not  considered 
in  brassboard) . 

VOLUME 

Transmitter 

200  cu.  in. 

400  cu.  in. 

168  cu.  in. 

Receiver 

200  cu.  in. 

375  cu.  in. 

206  cu.  in. 

Electronics  (exception 

made  by  agreement) 

Included  in 

10,150  cu.  in. 

Transmitter 

Not  considered  in 

brassboard. 

MISCELLANEOUS 

System  Test  Time 

76  hours 

Total  System  Time 

(2-17-75) 

186  hours 

^crease  in  7.3  1ED  output 

Over  507.  decrease 

during  76  hours  of 

test. 

Effect  of  Background  Radiation 

Pitch  - 7 .87. /^w /cm2) 

(within  +1.5°  field  of  view) 

Yaw  - 13.47./^w/cm^) 

(effect  seen  through  AGC 

Roll  - 10. 27. /Aw /cm2) 

control  loop  only) 

i 

Table  9.IIC.  Evaluation  of  PAMS  Brassboard 


Predominant  Error  Sources  I *Noise,  LED 

Imbalance,  Auto-  ^ 
collimator  6*  Autocollimator  & 
Mirror  Flatness  Mirror  Flatness 


>S  = Line  of  Sight  Translation 
ff  - Lateral  Translation 

Further  test  and  evaluation  is  in  process  following  subsequent  improvements 
to  the  system. 

Table  9.11D.  Error  Evaluation 


10.0  CONCLUSIONS 
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The  Optical  Angular  Motion  Sensor  was  defined  by  SAMSO  as  a "sensor  which 
will  provide  high  resolution  on  angular  deflection  in  Yaw,  Pitch  and  Roll  of  a 
remote  platform  with  reference  to  three  axes  determined  at  the  sensor  transmitter" 
It  was  primarily  to  be  used  in  a large  spacecraft  to  measure  relative  displacement 
between  two  points. 

A concept  was  developed  which  utilized  polarized  light  and  birefringent 
crystals  for  angle  sensing.  The  basic  system  was  breadboarded  and  it  verified 
the  conceptual  feasibility.  A preliminary  system  design  was  made  and  an  anal- 
ysis performed  which  indicated  that  the  system  would  meet  the  system  requirements 
as  stated  in  the  Annex  of  this  report. 

Phase  I 

The  phase  I program  included  design,  fabrication,  test  and  evaluation  of 
a brassboard  model  of  a system  which  could  be  readily  adapted  to  a flight  model. 

Section  2.1  lists  the  detail  tasks  required  for  the  program  and  a brief 
summary  of  the  results  of  the  work  on  these  tasks . 

The  overall  sysCem  design  was  basically  an  optical  transmitter,  an  optical 
receiver  and  the  required  electronics. 

Transmitter 

The  transmitter  was  designed  to  produce  three  optical  beams  of  modulated 
polarized  light,  one  each  for  roll,  pitch  and  yaw.  The  light  sources  selected 
were  Light  Emitting  Diodes  (LEDs)  of  three  different  wavelengths  ( colors)  with 
two  lEDs  per  channel.  These  sources  were  modulated  at  three  discrete  frequen- 
cies. l.se  purpose  of  this  design  was  to  permit  channel  isolation  by  both 
optical  and  electronic  means  to  prevent  crosstalk  between  the  channels. 

The  position  of  the  transmitter  is  encoded  onto  the  light  beam  by  special 
birefringent  crystals.  The  crystals  develop  a state  of  polarization  which  is 
a function  of  the  angular  position  of  the  crystal  surfaces.  The  crystals  are 
designed  to  self  compensate  for  temperature  variations. 
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Receiver 


The  receiver  senses  the  modulated  coded  light  beams  through  crystals,  identi- 
cal to  the  transmitter  except  in  opposite  orientation.  As  long  as  the  crystals  are 
parallel  the  polarization  state  is  unchanged,  hut  when  the  angle  of  the  transmitter 
is  changed  relative  to  the  receiver,  the  phase  of  the  polarization  changes  in  rela- 
tion to  the  sine  of  the  angle  between  the  axes  of  the  crystals.  The  polarization 
states  are  separated  by  means  of  a Wollaston  prism  and  two  detectors.  The  signal 
on  the  two  detectors  is  differenced  to  determine  the  phase  relationship  of  the 
polarization  states.  The  amplitude  of  the  demodulated  signal  represents  the  angular 
relationship  of  the  transmitter  and  receiver. 


Electronics 


The  consist  of  a power  supply,  oscillators,  LED  drivers,  preamplifiers, 
amplifiers,  demodulators  and  control  loops.  The  output  is  a DC  voltage  proportional 
to  the  angular  relationship  of  the  crystals. 


System  Performance 


The  system  was  set  up  in  the  laboratory  on  positioners  and  the  positions 
were  monitored  by  autocollimators.  A':'ter  calibration  of  the  system  tests  were 
run  on  all  three  axes,  calibration  curves  were  run  as  described  in  this  report, 
cross  coupling  between  axes  was  plotted,  long  term  drift  was  monitored  and  recorded, 
temperature  cycling  was  performed  f’-om  0 to  140°F  in  an  environmental  chamber.  The 
data  from  these  te3ts  are  in  this  final  report. 


The  transmitter  and  receiver  performed  as  expected  during  the  temperature 
tests.  The  AGC  operated  to  hold  the  output  constant  within  approximately  +5% 
even  though  the  IZD  output  varied  approximately  +307.  during  the  temperature  cycle. 


A dynamic  angular  displacement  was  introduced  by  a rotating  optical  wedge 
(Risley  Prism)  and  the  dynamic  response  was  recorded.  The  system  responded 
satisfactorily  to  these  tests.  Electronic  response  tests  were  also  performed. 


In  both  the  transmitter  and  receiver  a principle  of  duality  was  used  for 
emitters  and  detectors.  Boch  items  are  critical  components.  This  design  per- 
mitted the  system  to  continue  to  operate  with  a failure  of  either  an  emitter  or 
detector.  This  concept  also  improved  the  signal  to  noise  ratio  and  improved  the 
reliability  factor  substantially. 


The  system  generally  performed  as  predicted.  The  calibration  curves  were 
within  the  IMS  requirement  of  the  prime  item  specification.  The  effects  of 
translation  across  the  specified  field  of  view  within  generally  expected  toler- 
ances but  improved  techniques  for  monitoring  these  parameters  are  required. 


Problem  Areas 


Some  anomalies  were  experienced  in  the  performance  and  during  the  test  and 
evaluation.  The  LEDs  used  for  the  pitch  and  yaw  showed  a large  drop  in  output 
energy  with  time.  This  makes  these  diodes  unsatisfactory  for  use  on  the  program. 


A system  for  backup  was  designed  for  single  color  operation.  It  used  a 
time  division  multiplex  concept  and  was  breadboarded  for  use  with  the  brassboard. 
It  has  been  partially  evaluated  at  this  date  but  the  performance  seemed  to  be 
comparable  with  the  three  color  system  except  the  response  time  was  degraded. 
Appendix  G. 
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The  signal  required  for  the  roll  channel  is  roughly  30  tiroes  the  pitch 
and  yaw,  therefore,  signal-to-noise  ratio  of  the  roll  channel  was  high.  To 
perform  the  evaluation  tests,  an  integrating  filter  was  added  to  the  roil  chan- 
nel to  reduce  the  effect  of  the  noise. 

Subsequent  work  resulting  from  the  circuit  analysis  indicated  that  certain 
improvements  could  be  made.  These  circuits  were  redesigned  and  tested.  A reduc- 
tion of  the  noise  was  over  a factor  of  20.  The  resulting  performance  of  the  roll 
channel  is  now  will  within  the  system  requirements  and  does  not  require  an  inte- 
grating filter.  The  most  recent  improvements  in  the  roll  channel  are  not  included 
in  this  final  report.  The  pitch  and  yaw  channel  also  were  improved,  but  the 
improved  performance  is  not  recorded  in  this  report. 

A component  delivery  problem  developed  when  the  order  for  the  parts  were 
placed.  Both  operational  amplifiers  and  precision  resistors  became  a delivery 
problem  because  of  the  Military  Specification.  The  final  result  was  that  some 
components  were  used  that  did  not  meet  the  full  temperature  requirements.  This 
had  no  impact  on  the  performance  until  the  amplifier/deraodulator  section  was 
cooled  below  32  F and  then  the  performance  became  erratic.  It  is  expected  that 
this  will  be  satisfactory  with  temperature  qualified  military  standard  parts. 

The  IED  control  loop  did  not  function  properly  in  the  system.  It  was 
removed  and  manual  adjustments  were  installed.  A design  analysis  determined 
that  it  was  necessary  to  control  the  direct  current  level  as  well  as  the  alter- 
nating current.  The  original  design  only  controlled  the  AC  level.  The  redesign 
is  complete  and  the  one  channel  of  the  system  will  be  modified  accordingly.  The 
redesigned  USD  control  loop  now  operated  satisfactorily  and  is  under  test  and 
evaluation. 

Recommendations 

A.  Continue  the  basic  three  color  system.  This  would  require  primarily: 

1.  Perform  an  in-depth,  state-of-the-art  survey  of  LED 
development  with  potential  suppliers. 

NOTE:  This  was  performed  subsequent  to  this  report 

2.  Procure  test  units  for  evaluation. 

NOTE:  These  are  now  on  order. 

3.  Perform  efficiency  measurements. 

A.  Measure  the  geometrical  energy  profile. 

5.  Test  the  spectral  distribution  for  optical  design  criteria. 

6.  Procure  IEDs  with  favorable  characteristics  for  reliability 
and  life  testing. 

7.  Redesign  brassboard  transmitter  and  receiver  to  accomnodate 
the  selected  IEDs. 

8.  Modify  transmitter  and  receiver  and  install  the  selected  IEDs. 
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9.  Modify  USD  driver  circuits  to  match  new  LED's. 

10.  Improve  signal -to -noise  ratio. 

11.  Test  electronic  subassemblies  in  an  environmental  chamber 
and  identify  any  components  that  change  abnormally  during 
temperature  testing. 

12.  Install  larger  detectors  in  the  receiver  to  improve  light 
distribution  during  angular  movements  and  translation. 

13.  Modify  detector-preamplifier  circuits  for  larger  detectors. 

14.  Breadboard  LED's  and  driver  circuits,  detectors  and  preamplifier 
circuits . 

15.  Perform  complete  temperature  tests  on  new  IED /driver  system 
combined  with  new  detector /preamplifier  system. 

16.  Evaluate  tests  in  15. 

17.  Update  electronic  systems  design  based  on  brassboard  tests, 
evaluation  and  performance  analysis. 

18.  Update  electronics  system. 

19.  Perform  system  temperature  tests. 

20.  Design.,  fabricate,  assemble  and  calibrate  special  test 
fixtures  for  assembly,  test  and  calibration  of  the  OAMS 
system. 

B.  Suspend  work  on  time  division  multiplex  system  at  the  present  time. 
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APPENDIX  A 
MUELLER  MATRICES 

This  appendix  presents  a listing  of  the  Mueller  matrices  used  in  this  report. 
The  baaic~Mueller  matrices  for  polarization  were  obtained  from  Reference  11. 

Light  Sources:  All  sources  are  described  by  their  Stokes  vectors. 

a)  Unpolarized  Source  - S = (1,  0,  0,  0)1^ 

b)  Polarization  Modulated  LED  source  (defined  in  Appendix  E) 

SL  (0°,  90°)  = MIj+I2,  Ii"I2>  0,  0) 

SL  (45°, -450)  = %(l1+i2>  0,  lrl2>  0) 

where:  1^  and  I2  = Intensity  of  LED’s  1 and  2 

Polarizers:  Polarizers  resulting  in  a plane  of  polarization  at  an  angle  of  0 

degrees  from  the  horizontal  is  written  as  P(9°)  . 

P(-45°)  = h 1 0 -1  0 j 

0 0 0 0 I 

-1  0 1 0 { 

0 0 0 OJ 


P(+45°)  = h\  1 


Quarter  Wave  Plates;  A quarter  wave  plate  with  its  fast  axis  at  0 degrees 
to  the  horizontal  is  written  as  Q(9)  . 

Q(0°)  = 1 1 0 0 0 1 


Q(-45o)  = 1 

0 


Angle  Sensing  Crystals:  An  angle  sensing  crystal  with  sensitive  axis  at  0 

degrees  from  the  horizontal  is  written  as  ASC(cr  , 0)  , where  a is  the  angle 
of  incidence  of  light  about  the  sensitive  axis. 


a)  Regular  ASC 

ASC(  ct  , 0°)  = ASC(  a , 270°)  =|1  0 

0 Cos  k<r 

0 0 

0 Sin  knr 


0 

-Sin  ka 
0 

Cos  ka  i 


ASC( a , 90°)  - ASC(  a , 180°)  = ASC(«,0°)  (transposed  matrix) 


A-l 


•5 


where  k = Angle  sensing  crystal^ transfer  function  optical  phase  shift 
(radians  or  degrees)  per  angle  of  incidence  (radians  or 
degrees)  . 


Roll  Matrix:  The  matrix  used  to  rotate  the  transmitter  through  an  angle  0R 

relative  to  the  receiver  is  given  by 


0 

Cos  20R 
Sin  20r 
0 


0 

-Sin  20r 
Cos  20j 


Wollaston  Prism:  A wollaston  prism  resolving  incomming  radiation  onto  two 

orthogonal  axes  oriented  at  0j_,  degrees  and  0£  degrees  is  written  as 
W(0j.,  " The  two  sPatial^y  separated  beams  are  distinguished  by  the 

+1  terms;  a plus  value  for  one  beam  and  a minus  one  value  for  the  other. 


W(0°,  90°) 


% 1 
+1 
0 
0 


W(+45°,  -45°) 


% 1 

0 

+1 

0 


Reference  11  - 


"Polarized  Stellar  Optical  Spacecraft  Attitude  Sensor", 
Spicer,  J.A.  and  Loebs,  W.F.,  Chrysler  Corporation  Space 
Division  IR&D  Program  CWO-890321/920332,  March,  1968 
(Unclassified)  . 


APPENDIX  B 


FAR  FIELD  IRRAD1ANCE  OF  A LIGHT  EMITTING 
DIODE  AND  LENS  COMBINATION 


1.0  THEORY 

Referring  to  figure  B-l''  ),  consider  an  extended  luminous  source  at  0 placed 
behind  the  lens.  The  entrance  pupil  of  the  optical  system  will  be  considered  to 
coincide  with  the  lens.  The  flux  passing  through  an  arbitrary  axial  point,  P, 
is  the  same  as  that  flux  passing  through  the  image  of  P,  denoted  by  P’,  consider- 
ing only  the  radiation  from  the  source  which  can  pass  through  the  entrance  pupil, 
i.e.,  the  flux  at  P is  the  same  as  the  flux  through  P'  created  by  an  effective 
source  area,  Q,  as  shown  in  the  figure,  and  considering  only  the  flux  which  falls 
within  the  angular  cone,  ±2 a . 

An  incremental  area,  dS,  at  P will  be  imaged  at  P*  as  an  area  dS‘,  where 

dS  = m2dS 1 


where  m is  the  magnification  experienced  by  a transverse  line  segment  at  P1  as 
imaged  at  P.  Therefore,  the  irradiance,  E,  or  flux  per  unit  area  at  the  point  P 
is  obtained  by  dividing  the  irradiance  at  P*  (considering  only  the  effective 
source  area)  by  the  area  magnification,  m . 


E = E 


1 


m 


For  an  aplanatic  system 


m = 


sma 
sin  (3 


Therefore 


E = E1  si*-n2° 
sin^P 


Where  E can  be  found  by  the  usual  integration 

l _ f BdA  cos46  _ /Tb(9,X' .Y^cos^  6 dx*  dy* 

E ~Jq  ro2  ro2 

X^,  Y^  = coordinates  on  the  source 

B(0,  X^,  yS=  source  brightness  at  X^ , Y^  in  the  direction  of  the  point  P* 
cos©  = "?  • r0  as  shown  in  figure  one  (b) 
rQ  = distance  of  point  ? ' from  the  source 
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2.0  Lambertian  Sources 

For  a Lambertian  source,  for  which  the  brightness  is  a constant  and  the 
radiant  intensity  1(0)  varies  as  the  cos8,  the  calculation  for  E*-  is  greatly 
simplified. 

B(0)  = Bc  = constant  = watts /cm^  sterad 
1(0)  = IQ  cos0  = watts/sterad 

I0  = B0A,  A = total  area  of  source 

1 2 

E = B0  sin^a 

and  the  irradiance  at  the  point  P becomes 

2 

E = B sina  §isJL  = BQ  sin^3 
sin  a 

For  the  far  field 


sin  p - tan  p = Js 

where  D is  the  diameter  of  the  lens  and  S is  the  range,  the  ill"mination 
becomes 

4S“ 

For  a Lambertian  Source 

R _ 1_  _ PT 

WA  it  a ' 

where  PT  is  the  total  power  radiated  in  a hemisphere,  therefore,  the 
axial  irradiance  becomes 

P 2 
E = -I 


The  axial  irradiance  is  a function  only  of  the  collimating  lens  diameter 
and  is  independent  of  f occ  i length. 


3.0  Non -Lambertian  Sources 


Non -Lambertian  sources  are  treated  as  in  section  1.0  except  that  the  inte- 
gration over  the  source  must  be  performed.  This  requires  detailed  knowledge  of 
the  source  brightness  as  a function  of  direction  and  position  on  the  source 
emitting  surface.  In  almost  all  cases  the  integral  will  have  to  be  evaluated 
numerically. 


A slight  simplification  can  be  obtained  if  it  is  assumed  that  the  source 
is  uniform  and  that  the  source  brightness  is  constant  over  the  source  emitting 
area,  i.e.,  the  brightness  Is  a function  of  direction  only.  It  is  now  possible 
to  define  a function  </f(0)  which  is  the  average  radiance  of  the  emitting  surface. 


>ir(0)  = 

' A 


which  is  related  to  the  source  brightness  by 


B(0)  A cos0 


The  radiance  at  the  image  point  now  becomes 


BdA  cos^0 


('  BdA  cos 

E / 1 
ro 

f 2 TT  ro  £an®  sec~®  COS40 

COS0  12 


, a 


= 271 f (0)  sin0  d0 

Q=0 


2 7TI 


7*f 


N(6)  sin0  d0 


2 7T  I, 


where  G («) 


G (a) 


N(0)  sin0  d0 


and  N(0)  is  the  normalized  radiant  intensity  function.  1(0)  -IoN(0) 

This  function,  N(0) , must  be  obtained  experimentally  for  non-Lambertian  sources. 
For  Lambertian  sources  N(0)  = cos0.  The  integration  for  G (o)  must  be  numer- 
ically evaluated. 


It  is  necessary  to  use  the  above  approach  because  in  many  cases,  i.e., 
LED's,  one  does  not  possess  sufficient  knowledge  of  the  brightness,  B(0,x^,y^) 
of  the  light  emitting  area;  and  it  becomes  necessary  to  deduce  an  approximation 
to  this  function  from  the  relatively  far  field  intensity  pattern.  This  approach 
essentially  assume. s that  the  source  brightness  is  constant  across  the  emitting 
surface  or  for  that  matter  any  beam  cross-section  near  the  emitting  surface. 
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For  example,  in  the  case  of  a commercial  LED  with  a small  lens  cap  (approximately 
5 - 10  n*n  focal  length)  placed  above  the  emitting  area,  and  usually  a reflecting 
surfare  behind  the  emitter  it  is  very  difficult  to  determine  the  brightness 
function  without  the  use  of  highly  specialized  equipment.  A further  complica- 
tion arises  from  the  fact  that  the  brightness  is  non-uniform  across  the  emitting 
area.  A number  of  dark  spots  can  usually  be  observed  which  are  probably  due  to 
electrical  contacts  to  the  material,  material  property  variations,  and  non- 
uniform  heat  sinking. 

In  such  a case  the  only  resource  is  to  treat  the  device  as  a unit.  The 
illuminated  portion  of  the  lens  cap  is  considered  to  be  the  source  area.  This 
source  area  is  then  assumed  to  be  of  uniform  brightness.  This  assumption  is 
justified  in  that  the  lens  focal  length  is  usually  large  in  comparison  to  the 
size  of  the  emitting  area  (approximately  .5  mm)  and  that  multiple  reflections 
occurring  within  the  USD  case  tend  to  evenly  distribute  the  light  over  the  lens 
cap.  Each  element,  dA',  of  the  lens  cap  is  then  assumed  to  possess  the  same 
radiance  function,  1(8),  as  the  entire  device.  From  this  the  function  G (»)  is 
obtained  as  shown  above . 

The  irradiance  at  the  point  of  interest,  P,  is  obtained  by  dividing  E*  by 
the  transverse  magnification,  i.e., 

E = ills.  G («) 

A sin^o 


If  the  axial  intensity,  IQ,  is  not  known  it  can  be  calculated  from  the  total 
power  output  of  the  source.  The  total  energy  radiated  within  a cone  of  half 
angle  a is  given  by 

P (a)  = 2n  f0 1(8)  sin8  d8 

Jo  1(8)  = I0N(8) 

= 2irI0C(a) 

The  total  energy  emitted  in  a hemisphere  is 

PT  = 2ttIoG(-^) 

or  I - „Jl 

° 2ttG(*/2) 

Therefore,  the  axial  irradiance  at  point  P is 

E = %2l  sin^P 

A G (ip"  sin2a 

= ?T  D2  C ,«r)  1 

A 432  sin^a 

The  quantity  in  parentheses  is  the  same  as  that  for  a Lambertian  emitter. 
Referring  to  figure  B-l(a)  the  angle  a is  inversely  proportional  to  the  lens 
focal  length. 

D_ 

sm  a = tan  a rr 
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The  term  G(<*)/G{j)-  is  the  fraction  of  the  total  energy  collected  by  the 
lens.  This  is  an  increasing  function  of  a,  and  illustrates  the  obvious  fact 
that  for  the  same  diameter  lens,  the  collection  efficiency  is  inversely  propor- 
tional to  focal  length.  The  last  term,  l/sin^a  , represents  a loss  in  energy 
flux  density  due  to  the  magnification  of  the  optics.  As  the  focal  length  of 
the  lens  becomes  shorter,  the  magnification  increases  and  the  energy  from  the 
source  is  spread  over  a larger  area.  In  other  words,  referring  to  figure  B~l(a), 
the  same  energy  that  passes  through  incremental  area  dS*  also  passes  through 
incremental  area  dS.  However,  as  the  focal  length  becomes  shorter  (a  becomes 
larger),  the  incremental  area  dS  becomes  larger.  The  same  energy  is  spread  over 
a larger  area  and  the  energy  density  is  therefore  reduced. 

These  last  two  contributions  to  the  far  field  irradiance  are  counter  acting, 
one  causing  an  increase  in  intensity  and  othe  other  a decrease.  In  the  case  oi 
a Lambertian  emitter,  these  two  terms  exactly  cancel,  and  the  resulting  far  field 
irradiance  is  independent  of  focal  length.  For  non -Lambertian  sources,  the  value 
of  a and  hence  focal  length  must  be  found  for  which  the  function 


QlsL 

sin2c 


sxn^a 

is  a maximum.  The  optimum  focal  length  is  that  corresponding  to  this  value  of 

tan  a = 

NOTE:  In  many  cases  the  optimum  value  of  a and  therefore  the  optimum  focal 

length  is  not  physically  practical.  For  instance  in  most  cases  the  function 

Gi«L_ 

sin2** 

reaches  a maximum  for  very  small  values  of  a usual]/  less  than  1.0  degrees. 

This  implies  a very  large  focal  length.  In  such  cases  a design  should  utilize 
the  longest  focal  length  consistent  with  the  field  of  view  requirements.  For 
example,  if  the  minimum  half  field  of  view  is  $ , then  the  optimum  focal  should 
be  chosen  such  that 

f - d 
1 2 tan® 

where  d is  the  diameter  of  the  source.  Then  the  angle  a is  calculated  by 

tan  a = 

and  this  value  of  a used  to  determine  G(a)  and  the  far  field  irradiance. 


TABLE  B.l 

INTEGRATED  FLUX  G(<fc)  VS.  ANGLE 
G (Ot) 
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1.5 

2.0 
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6.0 
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7.5 

8.0 
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9.0 

9.5 

10.0 

15.0 

20.0 

40.0 

60.0 
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GE  SSL  55C 

0.00  X io"3 
0.04 
0.15 
0.33 
0.60 
0.94 
1.36 
1.85 
2.38 
2.94 
3.53 
4.15 
4.77 
5.56 

6.41 
7.33 

8.42 
9.58 

10.4 

11.1 
11.8 

13.9 
15.7 

30.0 

49.9 
59.2 

61.5 


FLV  104  (FAIRCHILD) 

0.00  X 10**3  raw 
.08 
.16 
.32 
.49 
.67 
.86 
.99 
1.11 
1.18 
1.25 
1.30 
1.34 
1.38 
1.42 
1.45 
1.49 
1.52 
1.56 
1.59 
1.62 
1.95 
1.95 
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4.0  Particular  USD's  and  Their  Application  to  OAMS 


Two  USD's  with  built  in  lens  caps  were  investigated  for  their  use  in  the 
transmitter.  These  units  contain  a light  emitting  area  placed  at  the  focus  of 
a very  small  short  focal  length  lens.  The  present  application  requires  the  USD 
to  be  placed  at  the  focus  of  an  external  collimating  lens.  Maximum  lens  aper- 
ture is  1.5  cm.  In  this  application  the  LED  lens  cap  is  considered  to  be  the 
emitting  area.  The  radiant  intensity,  1(0),  and  power  is  provided  by  the 
manufacturer.  From  these  specifications  it  is  necessary  to  calculate  the 
function  G(a)  in  order  to  obtain  the  far  field  intensity  pattern. 


The  normalized  radiant  intensity  patterns,  N(0),  for  two  LED's  are  shown 
in  figures  B-2  and  B-3,  the  Fairchild  FLV104  emits  in  the  red  region  of  the 
visible  spectrum  and  the  GE  SSL-55C  is  a near  I.R.  emitter.  The  function  N(0) 
sin0  is  calculated  and  tabulated  as  a function  of  0.  The  function  G(0)  is  then 
calculated  by  means  of  a graphical  integration  of  this  tabulation,  i.e., 

n 

G(or)  = G(n 49)  = E Nt(0) 


sin0^  A0 


The  values  of  G(ar)  are  shown  in  table  B-l  for  the  ranges  over  which 
manufacturer  data  is  available.  The  optimum  value  of  a and  hence  focal  length 
is  that  for  which  the  function  G(a)/sin2a  is  a maximum.  This  occurs  at  about 
a = 1.0  degree  for  the  GE  unit  and  less  than  1.0  degree  for  the  Fairchild  unit. 
This  represents  an  unreasonably  large  focal  length.  However,  the  next  require- 
ment of  the  system  is  that  the  total  field  of  view  of  the  system  be  at  least 
3.0  degrees.  The  maximum  focal  length  then  becomes 


f = 


2 tan$ 

where  d is  the  diameter  of  the  lens  cap. 


is  the  half  field  of  view.  Also 


tana  = IL.  = D tan  $ 
2f  d 


The  following  illustrates  the  calculations  for  each  LED. 


FLV104 


The  manufacturer  specifications  are: 


I =4.0  mw/sterad 
o 


P,j.  = not  specified 
d = .188  cm 


A = 1/4  d2  = .028  cm2 


«•  = 1.50  - .0263  rad 


-a 


1 H 


1 

* aS 


The  required  focal  length  is 

f = — = b 0 ’ ] n^  = 3*57  Cm 

^ 2 tan  S’  2 x .0263 

tan$=  $ = 2 x^F?  = °*210 
<*  = 11°50'  sina  = .205 

From  the  graph,  the  value  of  G(a)  is  found 
G(ll°50')  = 1.74  x 10"3  raw 

The  axial  irradiance  can  then  be  found  from 
2 wIo  G(a  ) 

E S — ZX  452 

o 1.74  x ID'3  l^_ 

E « (8.95  x 102)  0:'oT2  452 

« (8.95  x 102)  (4.15  x 10'2)  (0.563)  l-~ 


= 20.9  x 1 mv/cm- 
S2 

At  S = 50  ft  - 1.524  x 103  cm 

E * 9.0  x 10~6  raw /cm2  Q 50  ft 


GE-SSL  55C 

The  manufacturer's  specifications  for  this  unit  are  as  follows: 
I = not  specified 

p^,  = 19  raw  Q 50  ft. 

d = 0.396  cm 

A = 0.0126  cm2 

* * 1.5°  * .0263  rad 

D = 1.5  cm 

- 6.15  x 10"2  raw 

Since  1Q  is  not  specified  the  following  equation  is  used 

C - Si2l  — -i 


~-’V- 


As  in  the  previous  example  the  focal  length  is  found 


f * -A * 7 

2 tan4> 

tana  = -5—  1 
2f 

sin  a = 0.096 


7.53  cm 


0.096 


= 5°29* 

From  the  graph,  the  function  G(a)  is  found: 
G(a)  * G(5°29‘)  = 4.15  x 10'3  raw 

The  axial  radiant  intensity  is  then 

E = 19  4.15  x 10~3  1,  2.25 

0.126  6.15  x "i0-z  0.0092  452 


= 626  x ~o 
S 

*4  9 

= 2.69  x 10  mw/craz  @ 50  ft 
0.269  mw/cm2 

GE  SSL-55C  (Modified)  - Lambertian  Source 

This  unit  consisted  of  an  SSL55C  with  the  lens  cap  removed.  In  this  case  the 
LED  behaves  as  a simple  Lambertian  emitter.  The  following  are  the  manufacturer's 
specifications 

Pf  = 19  mw 

d * .025’-  .0635  cm 

A * 40.3  x 10~2  cm2 

d2  = .050**=  .127  cm 

A2  = 1.61  x 10  2 cm2 

These  units  consist  of  an  emitting  area  .025  in  square  placed  within  a small 
reflector  of  .050  in  diameter.  This  reflector  redirects  toward  the  front 
the  light  which  would  normally  be  emitted  and  absorbed  in  the  rear  of  the 
emitting  surface.  However,  from  the  equation  for  axial  radiant  intensity  in 
section  2.0,  the  pertinent  paramecer  determining  the  far  field  radiation  den- 
sity is  the  radiation  density  at  the  emitting  surface,  i.e.. 


i 


si 


m 


One  had  the  option  of  using  the  total  reflector  area  as  the  source  or 
just  the  center  emitting  area.  In  the  first  case  the  average  energy  density 
across  the  source  will  be  less  than  that  of  just  the  emitting  area  since  the 
energy  is  spread  over  a larger  area.  The  energy  density  will  have  a relatively 
constant  value  across  the  reflector  and  then  peak  sharply  in  the  center  where 
the  emitting  area  is  located.  This  profile  will  also  be  projected  into  the  far 
field  of  view.  The  angular  spread  of  the  more  intense  center  portion  will  be 
inversely  proportional  to  the  focal  length  of  the  collimating  lens.  In  the 
SAMSO  application  it  is  desired  that  the  radiation  density  be  as  uniform  as 
possible  within  the  3.0  degree  field  of  view.  Thus,  only  the  emitting  area  is 
considered  in  calculating  the  far  field  radiant  intensity.  Also,  the  total 
power  output  should  be  derated  since  the  light  ordinarily  emitted  from  the  rear 
of  the  LED  is  not  used. (This  is  probably  a worst  case  consideration,  since  the 
inclusion  (of)  a reflector  behind  the  LED  emitting  area  will  not  be  100% 
efficient  and  double  the  forward  power  output) . The  far  field  radiant  inten- 
sity will  be  given  by 


= *PT 


4S' 


and  the  focal  length  by 


d. 

F = x--.L  -■  , $=  %FOV 

2 tan$ 


For  the  modified  GE  SSL  55C,  these  values  are:  (D  = 1.5  cm,  = 


1.5°) 


E - 1325  x -o 


= 0.57  x 1G~3  mw/cm^ 
2 


= 0.57  mw/cm 


f = 1.2  cm 


The  required  focal  length  is  probably  too  small  for  a 1.5  cm  diameter 
lens.  This  can  be  increased  with  the  result  that  the  axial  intensity  will 
remain  the  same  but  the  intensity  at  the  edge  of  the  field  of  view  will  decrease 
to  about  50%. 
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Appendix  c 

ELECTRONIC  TIME  SHARING  SYSTEM 


In  the  Optical  Angular  Motion  Sensor  program  the  initial  concept  was  to 
utilize  three  colors,  one  for  each  channel.  The  design  was  predicated  on  GaAs 
LEDs  for  one  wavelength  and  GaAlAs  LEDs  for  the  other  too  wavelengths.  These 
LEDs  were  selected  as  a result  of  a development  program  by  AFAL  in  which  these 
diodes  were  developed  and  indicated  an  extremely  long  projected  lifetime. 

During  the  OAMS  development  program  the  vendor  (TI)  substituted  GaAs  Phos- 
phide at  these  wavelengths  with  the  promise  that  these  were  comparable  in  life 
and  wavelength.  Since  they  discontinued  manufacture  of  GaAlAs  LEDs  the  GaAsP 
was  accepted  for  the  OAMS  program  and  were  placed  under  test. 

The  test  results  showed  that  these  LEDs  dropped  in  output  power  by  approxi- 
mately 507.  after  200  hours  of  operation.  The  same  general  pattern  was  again 
experienced  during  further  testing. 

This  made  the  GaAsP  LEDs  unsuitable  for  use  in  a spacecraft  which  requires 
an  expected  lifetime  of  over  three  years  for  all  components. 

A study  showed  that  it  was  possible  to  utilize  one  type  source  such  as  the 
GaAs  LEDs  for  all  three  channels.  But  since  they  must  be  separated,  this  could 
be  accomplished  by  time  division  multiplexing  of  both  the  transmitter  channels 
and  the  respective  receiver  channels.  This  technique  would  permit  using  one 
type  source  and  basically  the  same  mechanical  configuration  as  applied  in  the 
brassboard  design. 

The  time  division  multiplexing  was  implemented  in  the  brassboard  as  described 
in  the  following  paragraphs. 

Time  Sharing  Network  Operation 

The  time  sharing  network  operates  from  either  a square  wave  or  a sine  wave 
input  and  provides  self  correcting  timing  for  the  three  channel  transmitters  and 
for  the  channel  output  memory  for  sequential  channel  operation.  (For  electronic 
diagram,  see  figure  Cl) . 

First  to  be  described  will  be  the  binary  counter.  An  input  signal  is  applied 
through  capacitor  Cl  to  a pulse  shaping  network  consisting  of  amplifier  A1  and 
the  contnon  emitter  transistor  stage  containing  transistor  Ql.  The  output  of  the 
transistor  stage  provides  a TTL  logic  compatible  clock  pulse  to  the  first  stage 
of  the  logic  counter.  The  counter  is  arranged  in  the  following  manner.  Binary 
elements  FF-A  through  FF-E  count  in  a straight  binary  with  elements  FF-B,  C,  D 
and  E being  synchronous  and  triggered  from  FF-A.  Nand  gates  Gl  through  G8  pro- 
vide the  synchronous  action. 
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Element  FF-F  provides  a glitch-free  trigger  pulse  at  the  proper  time  as 
required  for  each  channel  output  memory.  Nand  gates  Gil,  12,  13  and  14  deter- 
mine the  time  and  length  of  the  pulse.  Binary  elements  FF-G,  H and  I sequentially 
provide  a gate  output  for  use  in  sequentially  gating  on  the  channel  transmitters 
with  binary  element  FF-E  providing  the  trigger  pulse. 

Transmitter  gating  is  the  same  for  each  channel  and  will  be  described  in 
detail  for  the  pitch  channel.  The  inputs  to  diodes  Dl,  D2  and  D3  are  either 
zero  or  plus  five  volts  with  only  one  of  the.  three  being  high  at  a time.  When 
the  input  to  Dl  is  high,  the  pitch  channel  transmitter  is  gated  on  in  the  fol- 
lowing mannei.  With  plus  five  volts  applied  to  diode  Dl,  the  output  from 
inverting  amplifier  A2  wiil  be  in  negative  saturation  with  a voltage  level 
approaching  negative  fifteen  volts.  This  negative  level  will  turn  off  FET 
transistors  Q1  and  Q2.  In  this  condition,  transistors  Q3,  Q4,  Q5  and  Q6  will 
also  be  turned  off  and  current  flew  through  the  light  emitting  diodes  will  not 
be  interrupted  and  the  transmitter  will  operate  in  a normal  manner. 

When  the  positive  gating  voltage  is  removed  from  diode  Dl  and  zero  volts 
is  applied,  the  output  from  amplifier  A2  will  be  near  zero.  With  this  voltage 
appliet  to  the  gate  of  transistors  Q1  and  Q2,  they  will  turn  on  transistors  Q3, 

Q4,  Q5  and  Q6.  Q3  and  Q4  will  be  saturated  and  Q5  and  Q6  will  be  on  the  verge 
of  saturation.  Since  the  collector  to  emitter  voltage  of  transistors  Q5  and  Q6 
is  then  less  than  the  forward  conduction  voltage  of  the  light  emitting  diodes, 
the  driver  currents  will  flow  through  the  transistors  and  not  through  the  diodes. 
Thus,  the  transmitter  is  turned  off  with  no  transient  effect  on  the  power  supply. 

The  yaw  and  roll  channels  operate  in  the  same  manner  as  each  is  gated  on  and  off. 

Signal  output  crom  each  channel  is  converted  in  its  corresponding  panel  meter 
to  digital  form  and  stored  by  the  digital  memory  following  an  update  command.  Nand 
gates  G15  and  G20  update  the  panel  meters  with  the  display  and  corresponding  digital 
output  from  each  panel  meter  being  the  time  shared  outputs. 


Time  Sharing  System  Response  Analysis 

The  time  sharing  system  operates  as  a s/.mple  data  system  by  alternately 
illuminating  the  individual  axis  LEDs  for  a duration  of  t seconds  to  allow  the 
electronics  to  stabilize  for  a measurement.  Since  three  axes  are  to  be  sampled 
in  sequence,  each  channel  is  sampled  every  3t  seconds.  The  readout  electronics 
to  be  analyzed  is  illustrated  in  figure  C.2.  It  consists  of  a second  order  pre- 
sample low  pass  filter,  sample/hold  circuit,  and  interpolation  low  pass  filter. 

FIGURE  C.2  " READOUT  ELECTRONICS 
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The  output  of  the  demodulator  is  a full  wave  rectified  sine  wave  t seconds 
long  occurring  at  a repetition  rate  of  l/3t  pulses/second.  The  objective  of  the 
presample  filter  is  to  develop  for  each  sample  a voltage  proportional  to  the 
sensor  error  signal.  It  is  a second  order  filter  with  the  following  transform 
function: 


<al 


Sz+28  &>nS+o^ 


For4T<|,  the  response  of  this  filter  to  a step  input  is  given  by: 
(2)  C(t)  = 1 - 


-8o)nt 

§ r Sin 

7^? 


(1-82) 


% 

+ tan 


-1 


_2  « 
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which  is  a damped  oscillatory  response  as  illustrated  in  figure  C.3. 


FIGURE  C ,3  - DAMPED  OSCILLATORY  RESPONSE 


Values  ofwnt  and  7«  error  for  (1)  first  overshoot,  (2)  second  crossover, 
and  (3)  first  undershoot  are  listed  in  table  C.l  for  various  values  of  damping 
factors 

TABLE  C.l 


DAMTING 
FACTOR  8 

0)nt 

7o  ERROR 

mm 

2 



3 

1 

2 

3 

0.6 

3.9 

■9 

7.8 

9.5 

0 

.899 

0.7 

m 

mm 

8.8 

m 

0 

.211 

0.8 

5.2 

9.4 

10.4 

mm 

0 

.023 

mam 

D 

14.4 



0.15 

0 

.000 

The  time  required  to  reach  the  final  value  within  a fixed  tolerance  and 
a given  value  of  6 is  an  inverse  function  of  the  presample  filter  bandwidth  as 
established  by  its  break  frequency  fQ  = wn/2n  . 
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The  highest  value  of  t is  also  limited  by  the  required  sample  rate  since 
fs  - l/3t.  Therefore,  for  a given  filter,  the  lowest  value  of  <unt  consistent 
with  desired  accuracy  is  required.  Candidates  in  table  1 most  closely  meeting 
the  above  criteria  are  oint  = 7.7  (8  = .7,  point  2)  and  o>nt  = 7.2  (8  = -9, 
point  1).  For  the  purpose  of  this  analysis  4>nt  = 7.7  will  be  used  in  the  fol- 
lowing computations. 


For  wnt  =7.7: 

...  „ 2 7T  f 


<3>  0 ■ 57t3>  ■ °-272  £o 

The  value  of  f ; and,  therefore,  f0  is  dependent  upon: 

a)  required  response  - 10  hz 

b)  rate  of  signal  spectrum  cutoff  from  10  hz 

c)  allowable  aliasing  error 


Sampling  rates  required  Cor  a signal  aliasing  error  <17.  and  10  hz  response 
are  illustrated  below  for  various  assumed  signal  spectrum  cutoff  rates.  The 
sampling  rate  (fs)  and  related  presample  filter  break  frequency  (fQ)  for  different 
rates  of  signal  spectrum  cutoff  from  10  Hz  are  shown  in  table  C.2. 


TABLE  0.2 


RATE  OF  CUTOFF 

fs 

^0 

12  db /octave 

300  hz 

1103  hz 

18  db /octave 

100  hz 

368  hz 

30  /octave 

50  hz 

184  hz 

Increasing  the  value  of  f increases  the  input  noise  spectrum  to  the 
satr,»le/hold  cii  viL.  In  addition  to  increased  noise  within  the  sampling  band- 
width an  aliasing  power  error  is  also  introduced  by  the  noise  which  is  given  by: 


(4)  vj  = J N2(f)  df  = N2(f)  |f0-fs/2 


Nz(f)  = Constant  noise  power  spect'um 
and  evaluated  in  table  0.3 


TABLE  C.3 


RATE  OP  CUTOFF 


1.2  db /octave 
18  db /octave 
30  db /octave 


954  N2(f) 
318  N2(f) 
159  N2(f) 


The  need  for  rapid  rate  of  signal  spectrum  cutoff  is  evident  to  minimize 
the  level  of  noise  in  the  time  sharing  system. 

In  summary,  the  time  sharing  system  using  the  approach  outlined  xn  figure 
C.l  will  experience  an  increased  noise  level  over  the  continuous  system.  The 
magnitude  of  this  increase  is  dependent  upon  the  rate  of  sign-  1 spectrum  cutoff 
and  the  bandpass  of  the  low  pass  interpolation  filter.  If  the  signal  spectrum 
can  not  be  constrained  within  the  10  hz  bandwidth  and  the  illustrated  rates  of 
cutoff,  signal  aliasing  error  will  increase  beyond  1%.  A corresponding  increase 
in  the  sampling  rate  will  then  be  required  to  maintain  the  1%  aliasing  error. 

The  higher  sampling  rate  will  also  cause  a further  increase  in  the  input  noise 
spectrum  to  the  sample /hold  circuit. 
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APPENDIX  D 


MODULATED  LED  SYSTEMS  ' 


To  overcome  the  disadvantages  of  an  EOLM  such  as  high  voltage  and  fragile 
crystals (KD*P) , a new  concept  for  polarization  modulation  was  developed.  In 
the  selection  of  sources  the  recent  developments  in  the  Light  Emitting 
Diode  field  have  made  them  the  best  available  sources  for  OAMS  application. 
Since  they  can  be  readily  modulated,  2 systems  of  modulation  are  considered. 

1.  Intensity  modulated  USD's  which  employ  polarization  modulation  to 
simulate  EOIM  operation  wjs  selected  for  the  system  and  is  described 
in  Appendix  £. 

<* 

2.  Intensity  modulated  LED's  which  employ  no  polarization  modulation. 

The  modulated  LED  systems  are  systems  with  three  separate  axes  for  pitch, 
roil  and  yaw.  Each  axis  will  have  its  own  light  source /sources.  The  lED's 
are  of  small  size  and  high  efficiency  and  have  ability  to  operate  at  high 
modulation  frequencies . 

Intensity  Modulated  LED's  Which  Employ  No  Polarization  Modulation 

A schematic  diagram  of  a system  employing  intensity  modulation  with  no 
polarization  modulation  is  presented  in  figure  d-1.  In  this  system  a single 
LED  source  in  each  axis  is  intensity  modulated.  Since  each  USD  is  driven  at 
a different  frequency,  the  angular  information  of  the  three  axes  is  discrimi- 
nated by  narrow  bandpass  filtering.  The  optical  design  of  the  pitch  and  yaw 
axes  are  identical;  one  is  simply  twisted  90°  relative  to  the  other.  The 
optical  elements  and  their  orientations  are  the  same  as  those  used  in  the 
pitch  axis  of  the  LED  modulated  system.  The  roll  axis  transmitter  consists 
of  a LED  and  plane  polarizer.  Its  receiver  consists  of  a plane  polarization 
analyzer  oriented  at  45°  to  the  polarization  of  the  transmitter.  The  signal 
processing  for  this  system  is  different  from  previously  discussed  systems  and 
is  presented  in  figure  D-2. 

Pitch  Axis  Transmitter 

The  pitch  axis  transmitter  optics  consists  of  a single  LED  light  source,  a 
plane  polarizer,  a quarter  wave  plate,  and  an  angle  sensing  crystal. 

The  transmitter  characteristics  are  obtained  from  the  Meuller  matrix 
expression 

(1)  PITCH  SOURCE  = |AC(a1,  0°)j  Jq(0°)j  j^P(45°  >][•] 

(2)  PITCH  SOURCE  = 1 

Sin  ka^  ^IpSin  W^t 


-Cos 


D-1 


where  o^  = pitch  angle  of  the  light  beam  relative  to  the  transmitter 
angle  sensing  crystal 

Ip  = intensity  of  pitch  axis  source 

Wp  = angular  frequency  of  pitch  axis  source 


The  roll  angle,  0R,  of  the  transmitter  relative  to  the  target  is  introduced  by 
use  of  the  twist  matrix  T"*  which  results  in 


(3)  PITCH  SOURCE  = 


Sin  kaj  Cos  20R 
R 


Sin  Sin  20 


-Coskaj 


^IpSin  Wpt 


Yaw  Axis  Transmitter 


The  yaw  axis  transmitter  optics  are  identical  to  the  pitch  axis  except  for  the 
orientation  of  the  angle  sensing  crystal  sensitive  axis.  The  yaw  source  output 
is  given  by 


(4)  YAW  SOURCE  = 

(5)  YAW  SOURCE  ^ 


T'1  AC(B1,  90°)j  Q(0°)  P(45°  ’][•] 


1 

-Sin  k 
-Sin  k 
Cos  k 


Bl  Gos  26R 
B1  Sin  29R 


Bl 

where  Bj  = yaw  angle  of  the  light  beam  relative  to  the  transmitter  angle 
sensing  crystal  j 

Iy  = intensity  of  yaw  axis  LED 

Wy  = angular  frequency  of  yaw  axis  source 

Roll  Axis  Transmitter 

The  roll  axis  transmitter  optics  consist  of  a I£D  light  source  and  a plane 
polarizer.  The  foil  axis  output  is  given  by 


T'1  P(45°)  [s 


-Sin  20  R 
Cos  20r 
0 


^IRSin  Wpt 


.} 

1 


4 

| 

k 


* 
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(6)  ROLL  SOURCE 

(7)  ROLL  SOURCE 


where  1^  = intensity  of  roll  axis  LED 

Wr  = angular  frequency  of  roll  axis  source 
Total  Source 

Each  receiver  axis  sees  an  intensity  which  is  the  sura  of  the  three  transmitters 
and  the  unpolarized  background.  The  effective  total  source  is 

(8)  TOTAL  SOURCE  = jpiTCH  S0URCe|  + |yAW  SOUBCsj  + JrOLL  SOURCE  j + jWj 

where  BG  = (1,  0,  0,  0)IBG  is  the  unpolarized  background  matrix. 

Pitch  Axis  Receiver 

The  pitch  axis  receiver  optics  consist  of  an  angle  sensing  crystal  and  a 
Wollaston  prism  following  by  optics  to  focus  the  light  onto  the  two  detectors. 
The  intensities  of  the  two  beams  emerging  from  the  Wollaston  analyzer  are  given 
by  the  matrix  expression. 


(9)  PITCH  OUTPUT  = 


which  results  in 


= W(0°) 


AC(  «2,  180°)]'  [TOTAL  SOURCE 


(10)  Ipj^  = -^IBG  -1-  ^Ip  |\+Sin  k(«j  -A^-SIllj  Sin  W 

+(Iy  Sin  Wyt  terra)+(lR  Sin  Wjjt  term) 

(11)  lp2  = ^Igg  + ilp  |l~Sin  k(cvj  - a2)+£RlJ  Sin  Wpt 

+(Iy  Sin  Wyt  term)+(lR  Sin  WRt  term) 


where  Ipp  and  Ip2  = intensities  on  detectors  1 and  2 respectively 
ER1  = Sin  k«i  Cos  kfi2  (1-Cos  20R) 

Pitch  Axis  Electronic  Processing 

The  pitch  output  intensities  are  detected  and  preamplified  to  yield  the  outputs 
Vpl  and  vp2* 

(12)  Vp^  = ^l^l^pl  and  Vp2  = ^2^2^P2 

These  signals  are  passed  through  bandpass  filters  F^  and  F2  centered  at  Wp 
to  yield  Vpp  and  Vp2. 

(13)  Vpi  = %F1KlA1  IBG+%IP  1+Sin  k6p-ERl  Sin  Wpt 

(14)  Vp2  = A,-F2K2A2  IBG+%Ip  1-Sin  k9p-«Rl  Sin  Wpt 
where  Fj  and  F2  are  the  band(hiss  filter  gains 


The  sum,  VSUM,  and  difference,  VDIF»  outputs  are  given  by 
<15>  VSUM  = S |VP1+VP2}  VDIF  * D}''p1-''p2} 

where* S and  D are  the  gains  of  the  sum  and  difference  amplifiers.  These  are 
then  demodulated  by  networks  Xi  and  X2  to  yield 


(16)  VSUM  = ^x2  S(F1K1A1+F2K2A2)Ip 

(17)  V,}IF  = Ui  D(F1K1A14F2K2A2)Ip 
where  FK  = (F^A^F^A^ 

The  output  of  the  AGC  network  is 


l+Mgg/IpCtJ+FKCSin  kSp-ERl) 
Sin  k0p"ERl+FK(l+2IBG/Ip(t) 


(18)  VN  = N V£if  = 


V* 

SUM 


N X7D  f Sin  k0P  -ER1+ER2  ") 

x^r  L — rarest — J 


where  ER1  = Sin  k ^ Cos  k 2(l-Cos  20R) 

ER2  = FK(l*f2IBG/Ip(t) ) 

ER3  = 2IK/I?(t) 

ER4  = FK(Sin  k0R-ERl) 

The  term  ERl  contributes  a negligible  zero  shift  error  of  about  0.1  arc 
seconds.  By  optically  filtering  the  input,  the  ER3  term  also  becomes 
negligible.  The  ER2  term  is  more  serious.  If  the  detector  responsivity 
and  detector  preamplifier  combination  for  both  legs  can  be  held  constant  so 
that  FK^IO"^  then  the  ER2  term  can  contribute  an  error  as  large  as  2 arc 
seconds.  The  ER4  term  contributes  a negligible  scale  factor  error. 

Yaw  Axis  Receiver 

The  yaw  axis  receiver  is  identical  to  the  pitch  angle  receiver  except  that 
its  angle  sensing  crystal  matrix  is  AC(B2,270°)  instead  of  AC(a2,  180°) 

Roll  Axis  Receiver 

The  roll  axis  receiver  optics  consist  of  a Wollaston  prism  followed  by  optics 
to  focus  the  light  onto  the  two  detectors.  The  intensities  of  the  two  beams 
emerging  from  the  Wollaston  analyzer  are  given  by  the  maxtrix  expression 


= [w(0o)j  £ 


TOTAL  SOURCEj 


( ROLL  OUTPUT 

which  results  in 

(20)  IR1  = %IR(1-Sin  20r)  Sin  WTt+^Ip(l+Sin  ko^  Cos  20R)  Sin  Wpt 
+ilY(l-Sin  kBi  Cos  20R)  Sin  Wyt  + ^IfiG 
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(21)  IR2  = %IR(1+Sin  20R)  Sin  WTt  + ^Ip(l-Sin  ktv^  Cos  20R)  Sin  Wpt 

+%Iy(l+Sin  kBx  Cos  20r)  Sin  Wyt  + ^IBG 

These  intensities  are  detected  and  processed  electronically  exactly  they 
were  for  the  pitch  axis.  The  roll  angle  output  is  given  by 

(22)  VN  = N XjD  Sin  20R-ER5 

Xp"  1-+SR6 

where  ER5  = FK(1+2IB(]/IR) 

ER6  = FK  Sin  20R+2IBG/IR 
FX  = (F iK]A -F 2^2a2 ) /(F1K1A1+F2K2A2> 

Here,  as  in  the  case  of  the  pitch  and  yaw  axes,  the  FK  tern  in  the  numerator 
of  Equator  22  is  the  dominant  error  term.  If  FK  = 2 x 10"5  then  an  error  of  2 
arc  seconds  can  occur.  The  weakness  of  this  intensity  modulated  system  is  the 
accuracy  to  which  the  detector  responsivity,  preamp  balance,  FK,  must  be  held. 


APPENDIX  E 
OAMS  ERROR  ANALYSIS 


The  intent  of  this  analysis  is  to  develop  a mathematical  model  of  the  OAKS 
system  concept  to  permit  identification  and  evaluation  of  potential  sensor  error 
sources.  The  OAMS  optical  model  development  contained  herein  uses  Mueller 
matrices  to  determine  the  first  order  optical  signal  characteristics  of  the 
radiation  sensed  by  each  detector  contained  in  the  sensor.  With  this  information 
an  analysis  of  the  sensor,  including  its  electronics,  can  be  made  to  illustrate 
the  sensor  performance  capabilities  and  limitations. 

1.0  OPTICAL  MODEL  DEVELOPMENT 

The  OAMS  system  concept  utilizes  three  independent  optical  systems  to  measure 
relative  angle  about  three  (3)  orthogonal  axes  between  the  transmitter  and  receiver 
assemblies.  To  eliminate  cross  coupling  the  light  sources  for  each  axis  operate 
at  different  wavelengths  and  modulation  frequencies.  The  sensor  consists  of  two 
identical  and  orthogonal  lateral  sensing  systems  (one  for  pitch  and  one  for  yaw)  and 
one  roll  sensing  system. 

The  following  is  a mathematical  model  development  for  the  OAMS  1 te  •.  and 
sensing  systems  to  define  the  optical  signal  characteristics  of  toe  -^diation 
sensed  by  each  detector. 

1.1  LED  Polarization  Modulated  Source 

The  light  source  in  this  concept  is  designed  to  give  a sinusoiaally  varying  poiariza 
tion  output  while  yielding  a constant  total  intensity  output.  It  consists  of  two 
sinusoidally  driven  LED's  and  a Wollaston  prism  as  shown  in  Figure  E-l.  Unpolarized 
light  from  LED  #1  is  divided  by  the  Wollaston  prism  into  two  beams,  one  vertically 
polarized  and  one  horizontally  polarized.  Unpolarized  light  from  LED  #2  is  also 
divided  by  the  Wollaston  prism  into  a horizontally  and  a vertically  polarized  beam. 
These  beams  are  directed  in  such  a way  that  two  of  the  four  resulting  beams  combine 
to  form  a central  beam  which  is  the  net  transmitter  output.  The  other  two  divergent 
beams  are  masked  off  and  are  not  allowed  to  combine  in  the  transmitter  output. 

If  each  LED  is  driven  by  a sinusoidally  varying  current  of  i^(t)  = i^j+i.Sin w t 
and  i£(t)  “ i^"  *m2®*nwt»  Polarized  illumination  output  of  the  two  Deams  may 
be  expressed  as: 


(1) 

XH  “ ^X1=^R1 

ibl+imlSinwt 

(2) 

ly  = -^l2~^R2 

ib2-im2Sinwt 

where  Iy  and  Iy  refer  to  the  intensities  polarized  horizontally  and  vertically 
respectively,  R is  the  LED  responsivity , and  I is  the  unpolarized  LED  output,  i^ 
is  the  I£D  DC  bias  current  level, im  is  the  modulation  peak  current  level,  and 
subscripts  are  for  LED's  1 and  2. 


E-l 


Wc  can  now  construct  Che  Utokes  vecCor  describing  this  source.  Assume  that 
Rl*P.2"R  and  » tllcn  thc  total  source  output  is* 

(3)  IH+IV  <*  ^Ri(l+SinwL)  + V;Ri ( 1 -Sinwt)  « Ri 

The  total  source  output  is  constant. 


The  horizontal-vertical  polarization  preference  is  given  by: 


(4)  IH-Iy  = ^Ri(l+Sinwt)  - -^Ri(l-Siiujt)  *=  Ui  Sinwt 
which  means  that  the  polarization  is  sinusoidally  modulated. 


Since  the  445°  components  and  the  right  and  left  hand  circular  components  arc  zero, 


then  the  Stokes  vector 

is  given  by: 

(5)  jsL(0°,  90°)|  = 

IH  + 1V 

= 

T1  + X2 

F»  m 

Ri 

hi  • Tv 

T1  " T2 

Ri  Sinwt 

0 

0 

0 

0 

0 

- o 

1.2  Lateral  Axis 


An  optical  schematic  diagram  of  the  lateral  axis  sensing  system  is  illustrated  in 
Figure  E-2.  The  transmitter  consists  of  a Wollaston  prism  (WT)  whose  planes  of 
polarization  are  oriented  at  j43°  to  combine  the  light  from  two  (2)  amplitude 
modulated  light  emitting  diode  (LED')  sources  such  that  the  light  from  one  source 
is  polarized  in  a plane  at  +45°  while  that  from  the  other  source  is  polarized  in 
a plane  at  -45°.  A quarter  (\/4)  waveplate  is  subsequently  used  to  convert 
the  linear  polarized  light  to  circular  polarized  light.  The  light  is  then  passed 
through  the  first  of  two  matched  angle  sensing  crystals  (ASCj) . The  second  matched 
crystal  (ASCR)  is  contained  in  the  receiver  followed  by  a Wollaston  prism  (Wr) 

The  stokes  vector  of  the  central  beam  in  this  case  is  given  by: 


(6) 


SL(45°,  -45°) 


■i  + I2 
0 

ll  ' l2 
0 


where 

O)  lx  - R1(ibl+imlSinwt) 

(8)  I2  - R2(ib2~iTn2Sinwt) 
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and  I = LED  output  intensity 
ib  *>  LED  D.C.  bias  current 

im  = IJJD  peak  modulation  current 

R = LED  responsivity 

w » modulation  frequency 

1 and  2 = subscripts  for  LED  #1  and  LED  #2. 

Expressions  7 and  8 reflect  the  fact  that  the  d.c.  bias  current  and  the  a.c. 
modulation  current  are  set  independently.  We  cannot  set  im=ib  since  LED 
operation  is  not  linear  at  very  low  current  levels.  Thus  i^  must  be  greater 
than  in,. 

The  light  leaving  the  transmitter  after  passing  through  the  X/4  waveplate  and 
first  angle  sensing  crystal  (ASCj) , may  be  found  by  the  fol  •.  tw'u'.g  matrix 
equation: 

(9)  LATERAL  OUTPUT  = |ASC(o,  0°)|  |q(90°)|  |sL(+45°,  -45°)J 

(10)  LATERAL  OUTPUT  =h[  + l2  1 


(Ij  - l2)Sin  ko 
(X,  - It)Cos  ko 

L 1 

where:  a - Angle  of  incidence  of  light  about  the  sensitive  axis  of  the 

transmitter  angle  sensing  crystal. 

a - Optical  gain  of  angle  sensing  crystal -optical  phase  shift 
(radians  or  degrees)  per  angle  of  incidence  (radians  or 
degrees) . 

To  define  the  light  arriving  at  the  receiver  the  expression  for  the  light  leaving 
the  transmitter  must  be  modified  to  include  unpolarized  background  light  and 
relative  rotation  about  the  roll  axis. 

Light  arriving  at  the  receiver  may  be  found  by  the  following  matrix  equation 
/ 1 1 \ T ATPDfcT  TMT*DWCTTV  = U1 

Lateral  output^  •*-  ^ 


where: 


LATERAL  INTENSITY 


LATERAL  INTENSITY  = h Ij  + 12  + 21 ^ 

(Ij  - l2)Sin  koSin  20R 
(I i - l2)Sin  koCos  20R 
(II  - l2)Cos  ko 

I = unpolarized  background  radiation 
BG 

0R  = roll  axis  relative  attitude  error  about  line  of  sight  between 
transmitter  and  receiver 


The  lateral  &.cic  recei  ;er  consists  of  an  angle  sensing  costal  (matched  to  the 
transmitter  'nigle  sensing  crystal)  and  a Wollaston  prism.  An  optical  filter 
is  also  included  to  filter  out  radiation  of  the  other  two  axes  and  background 
radiation.  The  light  impinging  on  each  detector  (IDl  and  ID2)  is  determined 
by: 


(13) 

(14) 

(15) 
where : 


LATERAL  OUTPUT  = W(±45°)  ASC(p,  90°)  LATERAL  INTENSITY] 


ZD1  = «(I1+I2+2IBG>  + i<Il"l2> 
*D2  = ^^I1+I2+2^rG^  " ^^I1~I2^ 


J 


Sin  kO-Sin  kaCos  kP(l-Cos  20R)j 
Sin  kO-Sin  koCos  kp(l-Cos  20R)J 


P = angle  of  incidence  of  light  about  the  sensitive  axis  of 
the  receiver  angle  sensing  crystal 


0 « <x-/3  = lateral  axis  - relative  atti.tude  error 


1^,  = background  radiation  within  the  spectral  bandpass  of  the  optical 


filter 


It  is  assumed  in  expression  13  that  only  a negligible  amount  of  radiation  from 
the  other  two  axes  is  transmitted  by  the  optical  filter.  Any  radiation  that 
is  transmitted  will  be  attenuated  further  by  electronic  filtering  and  will  not 
affect  the  output. 


1.3 


Roll  Axis 


An  optical  schematic  diagram  of  the  roll  axis  sensing  system  is  illustrated  in 
Figure  E-3.  As  previously  discussed  for  the  lateral  axis  a Wollaston  prism  (WT) 
j.s  also  used  for  the  roll  axis  to  combine  the  amplitude  modulated  light  from 


the  two  IED  sources.  Another  Wollaston  prism  (WR) , is  used  in  the  receiver  to  < 
analyze  the  incoming  light  to  determine  the  relative  misalignment  about  the  roil 


axis . 


As  previously  shown  for  the  lateral  axis,  the  light  from  the  LED  combiner 
Wollaston  prism  (W^,)  may  be  defined  by  the  following  column  matrix. 


(16) 


+ I. 


where: 


SL(45°,  -45°)  = 

I * 

0 

" h 

o 

X1  = Rl(ibl  + Snl  Sin**> 


12  = R2(*b2  " 4m2  sinwt) 
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The  light  impinging  on  each  detector  after  passing  through  the  receiver  Wollaston 
prism  (Wr)  , considering  unpolarized  background  and  relative  rotation  about  the 
roll  axis,  may  be  found  by  the  following  matrix  equation. 

(1/)  [ROLL  OUTPUT]  = jw(0°,  90°)|  [t"1]  |sL(  -45°,  +45°)]  + |lBG| 

(18)  ID1  « k |(Ii+I2+2IBG>+  (h  'I2)Sin  20R 

ha  85  * [(Ii+I2+2IiG)‘  Vi-1#***  20r 


2.0  CAMS  ELECTRONIC  MODEL  DEVELOPMENT 

A schematic  diagram  of  the  electronic  signal  processing  system  for  one  axis  is 
illustrated  in  figure  £-4.  The  same  system  is  used  for  each  axis  of  the  sensor. 
The  electronic  signal  processing  techniques  utilized  by  Chrysler  obtain  a sum 
and  difference  of  the  detector  outputs  to  extract  a unique  error  signal  represen- 
ting the  relative  attitude  error.  Assuming  linear  gain  transform  functions  the 
sum  and  difference  output  voltages  may  be  expressed  as: 

(19)  V„  = D [lD1  Kj  At  - ID2  K2  A2| 


(20)  Vs  - S |lt)1  Aj  + ID2  K2  A2 


The  difference  output  is  used  to  obtain  the  relative  difference  in  angle  between 
the  transmitter  and  receiver. The  sum  output  provides  a measure  of  the  total  light 
received  by  the  two  detectors  and  is  generally  used  to  provide  an  automatic  gain 
control  (AGC)  to  compensate  for  light  level  and  detector  responsivity  changes. 

At  this  point,  consider  the  basic  wave  forms  appearing  in  the  system.  This 
discussion  applies  equally  to  the  lateral  or  roll  axes,  but  for  the  sake  of 
clarity  only  the  roll  will  be  discussed.  Figure  E“5  presents  the  LED  outputs 
described  by  expressions  1 and  2.  These  are  simply  LED  intensities  sinusoidally 
driven  160°  out  of  phase.  Feedback  loops  are  employed  to  insure  that  the 
amplitudes  as  measured  by  the  receiver  are  equal.  The  sum  of  these  intensities 
will  then  be  a D.C.  level  as  shown. 
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Fi«*raE-5.  TRANSMITTER  WAVEFORMS 


Figure  E-6  presents  the  illumination  (I  and  I ) on  the  two  Rectors  of  the 
receiver  when  0R=O.  Light  from  LED's  lDLd  2 a?i  split  evenly  by  the  receiver 
Wollaston  prism  so  that  each  detector  sees  only  a D.C.  level.  The  sum  an 
difference  outputs  defined  in  expressions  20  and  19  are  also  d.c.  levels. 

Figure  E-7  presents  the  illumination  (I  x and  ID2)  on  the  two  detectors  of  the 
receiver  when  0R*O.  Light  from  LED's  1 and  2 are  no  longer  evenly  split  by 
the  Wollaston  such  that  detector  #1  receives  a greater  amplitude  while  the 
amplitude  on  detector  #2  is  diminished.  Light  from  LED  #2  is  split  by  the 
Wollaston  such  that  detector  #1  receives  a lesser  amplitude  while  detector  #2 
receives  a greater  amplitude.  The  total  intensity  on  each  detector  is  no 
longer  d.c.  Detector  #1  sees  an  a.c.  signal  in  phase  wi*-h  LED  #1  while 
detector  #2  sees  an  a.c.  signal  of  -he  same  amplitude  buL  180°  out  of  phase. 

In  each  case,  the  amplitude  is  proportional  to  the  sine  of  the  roll  ang..e. 

Figure  E-8  presents  the  sum  and  difference  signals  resulting  from  the  detector 
illuminations  of  Figure  E-7  The  sum  signal  is  a d.c.  signal  which  is  used  to 
monitor  the  overall  system  illumination  for  AGC.  The  difference  from  expression 
16  is  in  the  phase  with  LED  #1  and  detector  #1  and  has  twice  the  amplitude  of 
the  detector  #1  signal.  Again  the  amplitude  of  the  difference  signal  is 
proportional  to  the  sine  of  the  roll  angle.  If  a difference  si.jnal  in  phase 
with  LED  H signifies  a positive  angle,  then  a negative  angle  corresponds  to 
the  difference  signal  being  out  of  phase  with  LED  #1. 


E-10 


(21)  VD-&  [(Rllbl+R2lb2+2I^,)  + <Rl1„i-R2lm2)  si**  | |k1Ax-K2Aj,| 

+ |^Rl1bl"R2ib2^  + ^Rliml+R2im2^  simdt]  JKlAl+K2A2 

jsin  k0  - Cos  k/Jsin  ka(l-Cos  20R)J 

<22>  V ! [(Vbl  + *2^2  + 2IBG>  + (Mnd  • R2im2>  Sin°*\  (K1A1  + K2A2| 

+ ((Rl1bl  " R2ib2)  + ^l^nl  + R21ra2^  ^sin£tJtj  [KiAi  _ ^2] 

|sin  k0  - cos  k/?sin  ka(l  - cos  20R)J  | 


where:  K - detector  responsivity 


A - Preamplifier  gain 


D - Differential  amplifier  gain 


S - Sumna^'jn  amplifier  gain 


0 - (a-fi)  = lateral  axis  angle  to  be  measured 


The  above  equations  may  be  reduced  to  ideal  system  model  equations  by 
assuming  that  the  following  conditions  are  true.  The  errors  introduced 
when  these  conditions  are  net  true  will  be  discussed  later  in  the  appendix. 


o PERFECT  LED  OUTPUT  BALANCE  (R,i  , = R0i  „) 

1 ml  2 m27 

o PERFECT  DETECTOR/PRE -AMPLIFIER  GAIN  BALANCE  (K^  = K^) 
o ZERO  ROLL  CROSS  COUPLING  (0R  = 0°) 


o ZERO  UNPOLARIZED  BACKGROUND  (I*  = 0) 

BCt 


o PERFECT  MODULATION  (i.  , = i . i i,  , = i ,) 

01  ml  b2  m2 


The  ideal  equations  for  the  difference  and  sum  expressions  are; 


(23)  VD  = 4 (K1A1-HC2A2)  <Rliml+R2im2)  sincat  sin  k0 


(24)  » - (K1A1+K2A2)  (Ril^Wji^) 


The  difference  signal  (V^) , which  is  an  AC  signal,  is  processed  through  a 
narrow  band  filter  centered  at  a frequency  of  oi/2n.  The  summation  signal 
(Vg) , is  used  to  normalize  the  difference  signal  for  variations  in  detector/ 
preamplifier  gain  changes  and  LED  responsivity/'peak  modulation  current  changes. 
After  normalization  by  the  divider  network  and  demodulation  the  resultant  output 
signal  may  be  expressed  as: 


4 Ji  ^®i  ?-tf K.  "^*+i5_  = AvV 'JS ^*^,’^5? 


ft' 


Is 


(25)  V-  - — F^P  = LfH  sin  k0 
E KVS  KS 


where:  X - divider  network  gain 

E - bandpass  filter  gain 
F - demodulation  gain 
K - low  pass  filter  gain 


The  significant  advantage  of  this  approach  in  the  ideal  case  is  illustrated  by 
Equation  25  which  does  not  contain  expressions  for  LED  responsivities,  detector 
responsivities  and  preamplifier  gains.  Normalization  of  these  parameters  will 
greatly  assist  a'curacy  and  long  term  stability  of  the  sensor. 


2.2 


ROLL  AXIS 


When  substituting  expressions  for  1^  and  I „ (equation  18)  and  expressions  of 
Ii  and  I2  into  equations  19  and  20,  the  following  expressions  are  obtained  for 
tne  difference  and  sum  of  the  roll  axis  detection  outputs. 


(26) 


(27) 


V = » 
VD  £ 


Vs  -4 


|(Rlibl+R2ib2+2Ti>c^+  <-Rliml“R21m2^  sinwtj  [KlAi“K2A2j 
+ |l|(RlibrR2ib2>  + <Rliml+R2im2)  sinWt|  |K1A1+K2A2]  |sin  20r| 
(Rlibi+R2ib2+2IaG)+  <Rlirnl-R2im2^  sinwt]  [KlAi+K2A2] 

+ [kiai-K2A2]  |(I<1ibl-R2ib2)+(Rii1Ili+R2im2)  sinwt|  [sin  20r| 


The  ideal  equations  for  the  difference  and  sum  expressions  and  output  signal 
may  be  formed  using  the  same  procedure  as  outlined  for  the  lateral  axis. 
These  equations  are: 

(28)  VD  « | (iqAj+K^)  (Kiimi+R2im2)  sin0>t  sin  29R 
S 


(29) 


Vc  = 7 (KiA1+K0Aj)  (R1iml+K9im2) 

sin  28r 


/*«  v = XEFVU  = X FED 

(30)  VE  — 


R 


The  normalization  features  outlined  for  the  lateral  axis  are  also  true  for 
the  roll  axis. 
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3.0  SYSTEM  ERROR  ANALYSIS 


The  previous  paragraphs  discussed  the  ideal  system  equations  to  illustrate 
some  of  the  features  of  the  approach  being  utilized  by  Chrysler.  These  ideal 
equations  assumed  the  following  conditions . 

o PERFECT  LED  MODULATION  BALANCE  (R.i  , = R„i  J 

1 ml  2 m2' 

o PERFECT  DETECTOR/PRE -AMPLIFIER  GAIN  BALANCE  (KjA^  = K2A2) 

o ZERO  ROLL  CROSS  COUPLING  (6  = 0°) 

o ZERO  UNPOLARIZED  BACKGROUND  (I  = 0) 

BG 

o PERFECT  MODULATION  (ibl  = iffll  & ib2  = i^) 

The  following  paragraphs  will  evaluate  the.  effect  when  these  conditions  are 
not  true. 

3.1  Differential  Output 


Errors  introduced  by  non~ideal  conditions  can  be  best  evaluated  by  an  analysis 
of  the  differential  output  signal  after  passing  through  the  bandpass  filter  (E) . 
The  output  of  the  filter  (Vp)  for  the  lateral  and  roll  axes  may  be  expressed  as: 


Lateral  Axis: 
(31)  V,}  * 


jCR^ml  + Vntf)  (K1A1  + K2A2)  Sin  ko]  Sine* 


+ J(Rl*ml  - R2im2)  <K1A1  ’ R2A2>)  Sine* 


(2) 


+ {^l^ml  + R2i«n2^  (K1A1  + K2A2^  (Cos  sin  R«)  (l-Cos20R)j  Siiwot 

(3) 


Roll  Axis: 


(32)  = f- 


[(^iml  + ^^2)  <KiAi  + k2a2>  sin  29r|  Sinwt 


(1) 


■^Vml  ’ R2im2^  (KlAl  “ K2A2^| sincut 

(2) 

Term  1 - Ideal  equation  for  difference  signal 


Term  2 - The  magnitude  of  this  error  is  dependent  upon  the  degree  of  LED  output 

modulation  unbalance  as  diminished  by  the  degree  of  detector/pre-amplifier 
unbalance.  Balance  of  both  factors  must  be  controlled  to  maintain  this 
error  to  an  acceptable  level.  This  term  represents  an  offset  error 
which  may  be  found  at  null  by: 


E-14 


'V^T*  ,#5*,vtTti 


Lateral  Axis: 

(33)  8e  = i Arc  Sin 

K 

Roll  Axis : 

<w 

(34)  8^=  7-  Arc  Sin 

where : 

(i?KA) 

(Vnl-^W  _ <l:lAl-K2A2) 

V = <Rli»2+R2i»2>  “ ” (WW 


The  magnitude  of  the  offset  error  at  null  is  illustrated  in  fable  E-l  for 
various  values  of  and  r)j^  and  for  a nominal  value  of  k=60. 


TABLE  E-l 


\i17KA 

fle 

6 Re 

0.01 

0.34" 

10.31" 

0.02 

1.38" 

41.25" 

0.03 

3.09" 

92.82" 

0.04 

5.50" 

165.01" 

0.05 

8.59" 

257.83" 

Substantial  errors  are  introduced  by  this  term,  particularly  in  the 

roll  axis.  However,  by  controlling  LED  modulation  balance  as  discussed 

in  paragraph  3.4,  the  error  cause  by  this  term  is  converted  to  a scale 

factor  error  much  less  sensitive  to  values  of  tj  and  7}  . 

K1  KA 

Term  3-  The  magnitude  of  this  term  is  dependent  upon  the  amount  of  misalignment 
of  the  matched  crystals  about  the  roll  axis  (0R)  and  the  angle  of 
incidence  of  light  passing  through  each  of  the  matched  crystals  (aand/3)  . 
When  the  receiver  assembly  is  on  the  longitudinal  axis  of  the  transmitter 
(i.e.,  no  translation) , a=  0 and  therefore  the  error  is  zero.  When 
translated  off  axis  the  error  is  essentially  proportional  to  a. 

The  error  introduced  by  this  term  is  an  offset-error  which  may  be 
found  by: 

(35)  8e  = i Arc  Sin  |cos  kP  Sin  k«  (1-Cos29r)| 

The  magnitude  of  the  offset  error  introduced  by  this  term  is  illustrated 
in  figure  E-9.  The  roll  axis  design  goal  for  OAMS  is  8R  = +lo.  For  this 
range  the  worst  case  error  is  in  the  order  of  +1".  Term  3 is  considered 
negligible . 
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3.2  SUMMATION  OUTPUT 


The  simulation  output  is  used  to  control  the  overall  LED  output,  LED  modulation 
balance  and  for  AGO. 

The  summation  output  (Vg)  after  processing  through  a low  pass  filter  (K)  is 
compared  with  a reference  voltage  to  provide  an  error  signal  to  control  the  LED 
output.  This  approach  will  maintain  reasonably  constant  detector  light  levels 
for  optimum  detector/prean riifier  operation  and  provide  the  maximum  vol. age 
level  for  best  divider  network  operation. 

The  output  for  the  low  pass  filter  for  a lateral  axis  system  (or  ROLL  AXIS  by 
replacing  sin  (k8)  with  sin  20R)  may  be  expressed  as: 

(36)  V''  = f-((Riibi+R2ib2+2IBG)  (K1Ai+K2A2)  + ^Rlibl"R2ib2>  Sin  kej 

(1)  (2) 

Term  1 - This  term  is  used  to  normalize  the  (R^i  .+R2im2)  coefficient  in  the 
ideal  equation  for  the  difference  signal.  Due  to 

(RLibl-tR2ib2+21BG)  > (Rli-ml+^i^) 

a scale  factor  error  will  be  introduced  which  can  only  be  accommodated 
by  calibration  since  in  all  cases  ibl>iml,  ib2>im2,  and  XgG>0. 

Term  2 - The  magnitude  of  this  term  is  dependent  upon  the  difference  of  LED  bias 
currents  as  diminished  by  the  detector /preamplifier  unbalance  and  Sin  k0 
for  lateral  axis  or  Sin  20p  Cor  roll  axis. 

The  error  contributions  for  these  cerms  are  evaluated  in  paragraph  3.4. 

The  summation  output  (Vg)  after  processing  through  a bandpass  filter  (G)  centered 
at  the  modulation  frequency  provides  an  AC  signal  which  is  a measure  of  the  unbalance 
between  the  LED  modulation  amplitudes  Riimj  and  R2im2*  Under  ideal  conditions  this 
signal  can  be  expressed  as: 

(37)  Vs  = |<K1A1+K2A2>  WmrtW)  sinwc 

Under  non-ideal  conditions  this  signal  is  expressed  for  the  lateral  axis  by: 

(33)  V<:  = f-  [(R1iffll”R2im2)  (KiAl+K2A2)|  S incut 

(1) 

+ j^Rliml+R2im2^  (KiAi-K2A2)  Sin  k0j  Sinft,c 

(2) 

+ |(R^itj1i+R2^m2)  (KiA^-K2A2)  (Cos  Sin  k«  ) (1-Cos  20R)|  Sinojt 

(3) 
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and  for  the  roll  axis  by. 


(39)  V'  = f-  [(R^mi-R^)  (K1A1+K2A2)|  SW  + 

(1) 

|(Rlitnl+R2im2)  (^1^2)  Sin  28R|sinwt 


Term  1 - Ideal  equation  for  AC  signal  portion  of  V<J 

Term  2 - The  feedback  control  loop  will  adjust  the  current  gain  thru 

one  LED  until  Vg  = 0.  Under  ideal  conditions  Vg  = 0 when 

R^im^=R2im2-  Under  non-ideal  conditions  for  the  lateral  axis, 

assuming  Term  3 in  equation  38  is  negligible.  Vl  = 0 when: 

r ...  . ..  . o 


(Rl^l”R2^2^ 

(40)  Riimi"R2im2  ^Rliml+R2im2^  (K  Aj+K  A ) Sin 


and  for  the  roll  axis: 


(k1a1-k2a2) 


(41)  - (Vml«2i„2) 


Sin  28r 


The  error  contribution  of  this  term  is  further  evaluatt  ■„  in 
paragraph  3.4. 

Term  3 - The  magnitude  of  this  error  is  negligible  since  the  worst  case  value 
of  Cos  kP  Sin  ko  (1-Cos  20R)  = Sin  k8  when  8 is  approximately  1". 


<v  ‘I 


3.3  System  Output 

The  system  output  equation  (Vg)  may  be  expressed  as: 

<«>  = 

S 

Substituting  equations  31  (less  Term  3)  and  36  for  Vq  and  Vg'  results  in  the 
following  equation  for  the  lateral  axis. 

....  Tr  „ (Rliml+R2im2>  Sin  k9  + ^KA> 

(4  J E “ K3  (Riibi+R2ib2+2I5G)  + Sin  kQ 


K1A1-K2A2 


^KA  K1A1+K2A9 


Substituting  equation  40  for  (R^im^-R2im2)  anc*  re-arranging  terms  yields; 


(Rliml+R2im2^  1 1 1 2I 

(44)  VE  •=  K3  (R  i +R  i ) 1+H  1+G  L'(r/KA>  I 

, 1 bi  Z b Z.  J 1.  J L j 


Sin  k6 


where  G = (77 R.  ) (77^)  Sin  k0 


tj^  = Rlibl~R2ib2 
b Rl1bl+R2ib22IbG 


(Rlibl+R2ib2> 


(45)  VE  = K3K4K5K6K?  Sin  k9 


Roll  axis  equations  are  the  same,  except  Sin  kP  is  replaced  by  Sin  20^. 

Variations  in  each  of  the  K terms  will  introduce  scale  factor  errors  once  the 
system  is  calibrated.  The  following  is  a discussion  of  the  error  sources  for 
each  term. 

nr\  „ _ 10  EDXF 

(46)  K3  = Rg 

The  value  of  K3  is  a function  of  the  linear  scale  factors  of  the  electronic 
elements  identified  in  the  above  equation.  The  7.  scale  factor  error  = f(7,  dK.3) 

(R.i  .+R_i  .) 

V - 1 mi  2 m27 

(47)  ~ (R  i +R  i j 

1 bl  2 b2; 


ss _ _ 


The  equation  for  K4  may  be  modified  by  the  following  relationships  introducing 
the  modulation  index  m. 


= *ml 


= im2 


let  Rjibl  - Rijj 

R.iiuo  = Riv+  ARit 


let  m^  = m 


m2  = m+  Am 


(48)  K-  « Ribm  + (Rib'^^b)^0'4^0) 
4 2Rib-*ARib 

Expanding  and  re-arranging  terms 


(49)  K,  - m + 


Ri^m  + ARibAm 
2Rib+  ARib 


Since  2Rife»  ARib 


(50)  K4  = m + 2 3 ml  + 2m 


Therefore,  the  value  of  is  a function  of  the  modulation  index  m and  unbalance 
in  modulation  indices  Am  = n^-mp  The  % scale  factor  error  * f (7»  dm,  7»  dAm/2) 


(51)  K5  = 


If  H « 1 


(52)  KS  = 1 - 


K5  = 1-H 


[ 

The  value  of  Kj  is  a function  of  H which  is  the  ratio  of  the  background  radiation 
level  to  the  total  average  LED  output.  The  7,  scale  factor  error  = f (7,  dH) 


(53)  K ™ 
6 1+G 


Since  G « 1 Kg  = 1-G 


(54)  K*  = |l  - (nRi  ) (Tka)  Sin  k0 


The  value  of  Kc  is  a function  of  the  difference  in  the  LED  DC  light  levels 
(ARib)  diminished  by  the  detector/pre -amplifier  unbalance  and  value  of  Sin  k9 
for  lateral  axes  and  Sin  28^  for  roll  axis. 


E-20 
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The  magnitude  of  Kg  and  % scale  factor  error  for  various  values  of  7) 
are  illustrated  in  Table  e-2. 


Table  E-2 


n.Rib  % 

LATERAL 

0=1800'' 

K6 

% Error 

0.01 

0.99995 

0.005% 

0.02 

0.99980 

0.020% 

0.03 

0.99955 

0.045% 

0.04 

0.99920 

0.080% 

0.05 

0.99875 

0.125% 

ROLL  0r=18OO" 


*6 


0.99999 


0.99998 


0.99997 


0.99996 


% Error 


0.001% 


0.001% 


0.002% 


0.003% 


0.004% 


The  value  of  K7  is  a square  function  of  the  difference  in  detector/pre-amplifier 

unbalance.  The  magnitude  of  K7  and  % scale  factor  error  for  various  values  of 

are  illustrated  in  Table  E-3. 

KA 


Table  E-3 


l1KA 

K7 

% Error 

0.01 

0.9999 

0.01% 

0.02 

0 0/196 

0.04% 

0.03 

0.9991 

0.09% 

0.04 

0.9984 

0.16% 

0.05 

0.9975 

0.25% 

3.4 


System  Error  Analysis  Summary 


Error  sources  resulting  in  dynamic  errors  were  evaluated  for  the  OAMS  concept 
described  in  figures  2-2,  E-3  and  E-4,  with  the  following  results. 

a)  First  order  scale  factor  errors  would  be  introduced  by  changes 
in  the  following  parameters: 

m - modulation  index 
.Am  - unbalance  in  modulation  indices 
D - differential  amplifier  gain 
E - bandpass  filter  gr-in 
F - demodulator  gain 
10X  - divider  network  gain 
K - low  pass  filter  gain 
S - summation  amplifier  gain 

H - ratio  of  background  radiation  to  total  average  LED  output. 
Stable  electronic  circuits  are  required  for  these  functions. 

b)  No  null  offset  errors  would  exist  if  the  LED  modulation  balance  feedback 
control  is  used.  Without  this  control,  significant  offset  errors  would 
be  experienced  in  the  roll  axis. 

c)  LED  modulation  balance  feedback  control  would  have  to  equally  adjust 
both  the  ib  and  im  current  levels  of  the  controlled  LED  to  preclude 
a first  order  error  due  to  a change  in  the  modulation  index. 

d)  The  Kb  and  K7  terms  will  be  reduced  to  negligible  levels  if  unbalances 
in  LED  output  and  detector /pre-amplifier  gains  are  maintained  within 
2%  to  37.. 
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4.0  POLARIZED  OPTICAL  MISALIGNMENT  ANALYSIS 

In  the  previous  lateral  axis  system  error  analysis,  the  alignment  of 
the  crystalline  axis  of  the  polarized  optical  elements  about  the  planes  of 
polarization  was  assumed  to  be  perfect.  The  intent  of  this  analysis  is  to 
evaluate  the  sensitivity  of  element  misalignment  to  determine  the  degree  of 
departure  from  the  ideal  case. 

The  optical  references  for  this  analysis  are  the  transmitter  wollaston 
planes  of  polarization  aligned  at  azimuth  angles  of  445°.  The  analysis  approach 
modifies  the  ideal  lateral  axis  math  model  by  rotating  the  various  elements,  one 
at  a time,  jf  degrees  from  the  ideal  azimuth.  The  resulting  effect  is  evaluated 
for  each  element  over  a range  of  9 = (a-/3)  = +1800"  under  the  following  conditions: 

1.  No  translation  (or-0)  and  no  roll  misalignment  (0R  = 0). 

2.  No  translation  (a=0)  and  +1°  roll  misalignment  (0^  = +1°). 

3.  2.5  inch  translation  at  25  feet  (<*=+1800")  and  +1°  roll 
misalignment  (0R  = +1°) . 

Element  misalignment  to  be  evaluated  include: 
o Transmitter/Target  Roll  Axis  (P^q) 
o Transmitter  A/4  waveplate  (Q) 
o Transmitter  Angle  Sensing  Crystal  (ASCa) 
o ’Receiver  Angle  Sensing  Crystal  (ASC  ) 

° Receiver  Wollaston  (W) 

4.1  Ideal  Math  Model 


The  ideal  math  model  for  the  polarized  optical  elements  may  be  formed  by 
the  following  matrix  equation. 


(56) 

(57) 


Dl  ; XD2 

Hi  » ID2 


«t]  [ASCjs]  [r29]  [AS°a]  [o]  [J] 


10+10 
0 0 0 0 

+10  10 

_ 0 0 0 0 


10  0 0 

0 10  0 

0 0 C/3  -S/3 

0 0 S/3  cpj 


where:  Ca  = Cos  ka 

S«  = Sin  kor 


1 0 
0 C 
0 -S 
0 0 


20  S20 

20  C20 
0 


10  0 0 
0 10  0 
0 0 C(x  Snr 

0 0 -Sa  Ca 


10  0 0 

0 0 0 

0 0 0 -1 

0 0 10 


Ri 

0 

RiSinut 

0 


C/3  = Cos  k/3 

S/3  = Sin  k/3 


C20  = Cos  20R 

S20  = Sin  20^ 


*"""  Ir~*"  “ - — — --  — - — 

k * ASC  Optical  gain  (k=60) 

Of  * ASCa  Incident  angle  from  crystal  surface  perpendicular 

/3*  ASCp  Incident  angle  from  cry;?*  r1'!  surface  perpendicular 

6-  3 Roll  axis  relative  attitude  error  about  line  of  sight  between 
tre  mitter  and  target  (0R  3 +1°) 

R 3 LED  responsivity 

i 3 IZD  current 

w * Modulation  frequency 

Ijjj  3 Detector  #1  light  intensity 

ID2  3 Detector  #2  light  intensity 

The  matrix  equation  solution  yields  the  following  expression  for  detector 
light  intensity 

(58)  Ijj^  = 1 + | Sin  k (a-/3)  -Cos  k/3  Sin  ka  (1-Cos  20R)j  Sinut 

(59)  ID2  3 “ 1 - [sin  k(a-/3)  -Cos  k/J  Sin  ka  (1-Cos  20R)Jsinwt 

The  output  of  the  differential  amplifier  may  be  found  by: 

(60)  VD  3 DKA  (ID1  - ID2) 

3 DKARi  |sin  k ( [ct-fi)  -Cos  k(3  Sin  ka  (1-Cos  si  nut 

where:  D 3 differential  amplifier  gain 

K 3 detector  responsivity 
A 3 preamplifier  gain 
4.2  Misalignment  Analysis 

The  element  misalignment  under  conditions  specified  in  paragraph  4.0  are 
evaluated  in  the  following  paragraphs.  The  error  introduced  for  misalignment 
angle  (0)  is  found  by: 

E$  3 [Arc  Sin  k (a-5) ' - Arc  Sin  k (c  -/3)| 

where:  Sin  k (a-/3)  * = Sin  k (oe-/3)  + error  terms 


arcseconds 


4.2.1  Transmitter/Receiver  Roll  Axis  Misalignment 


Equation  60  is  modified  by  substituting  0R  = where  0 equals  the 

roll  misalignment  over  and  above  the  roll  axis  operating  range  0R.  In  this  case; 

Sin  k^a-(3) 1 = Sin  k (a-(3)  - Cos  kfi  Sin  ka  1 1-Cos  2(0R-r<fR)| 

For  values  of  {fR  = 0.5°  and  5.0°; 

Condition  1 a=  Q 0R  = 0° 

Ejjf^  = 0 Since  Sin  ka  = 0 

The  lateral  axis  readout  will  not  indicate  errors  due  to  roll  axis 
misalignment.  However,  the  readout  will  be  referenced  to  the  receiver 
coordinates  rather  than  the  transmitter  coordinates.  When  Of  = 0, 
the  transmitter  emits  only  circular  polarized  light  and  as  such  does 
not  provide  a roll  azimuth  reference  for  the  receiver.  When  referenced 
to  the  transmitter,  the  cross  coupling  error  introduced  in  one  lateral 
axis  is  proportional  to  Sin  8R  of  the  orthogonal  lateral  axis  angular 
deviation.  At  0R  = 1°,  the  error  is  in  the  order  of  1.75%.  If  desired, 
this  error  can  be  corrected  mathematically  over  the  0R  operating  range 
of  +1°  using  the  roll  axis  readout  data. 

Condition  2 «=  0 0R  = +1° 

Same  as  Condition  1. 

Condition  3 a=  +1800"  0R  = +1° 

Considering  the  target  coordinates,  the  indicated  error  due  to  roll  axis 
misalignment  over  the  range  of  = +1800"  is  illustrated  in  figure  J-10 

for  values  of  0R  = 0.5°  and  5.0°.  The  worst  case  errors  with  translation 
over  the  « = +1300"  range  occurs  when  0R  = +1°.  If  0R  = -{fR  then  the 
worst  case  error  would  be  comparable  and  occur  when  0R  = -1°.  The  data 
illustrated  in  figure  E-10  include  the  roll  axis  cross  coupling  error 

which  is  a maximum  of  +1.21"  at  0R  = 0°  and  a = +1800"  over  the  0R 

operating  range  of  +1.0°. 

The  roll  axis  cross  coupling  error  over  the  0R  operating  range,  as 
discussed  under  Condition  3,  is  inherent  in  the  senso’  design  and  cannot 
be  readily  corrected.  Fortunately  the  maximum  value  of  this  error  is  +1.21" 

Additional  errors  introduced  by  (JR  can  be  substanti *1  and  can  only  be 

controlled  by  minimizing  the  value  of  0R  during  sen:  or  alignment. 

4.2.2  Transmitter  A/4  Waveplate  Misalignment 

Equation  57  is  modified  by  substituting  !Qi  = ' Q representing  a 
A/4  waveplate  rotation  of  0 degrees.  *■  " “ 
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The  indicated  error  over  the  range  of  (a-/ 3)  = +1800"  is  illustrated 
and  compared  with  Conditi  on  1 in  figure  E-ll  for  values  of  0g  = 0.5° 
and  5.0°.  8g  varying  over  the  ’•ange  of  +1°  creates  an  error  band  about 
the  0R  = 0 curve  which  is  approximately  +2"  wide  for  0R  = 0.5°  and  +20" 
wide  for  0R  = 5.0°. 

Condition  3 a=  +1800"  0R  = +1° 

The  indicated  error  over  the  range  of  («-/3)  = +1800"  is  illustrated  in 
figure  J-12  for  values  of  0R  = 0.5°  and  5.0°.  Translation  over  a range 
of  a-  +1800"  increases  the  error  band  a slight  amount  over  Condition  2. 

At  the  widest  point  the  error  band  is  5.4"  for  0 = 0.5°  and  48"  for  0 = 5.0°. 
When  8r  = 0°  the  error  is  independent  of  a and  equal  to  the  Condition  1 
values . 

4.2.3  Transmitter  Angle  Sensing  Crystal  Misalignment 

Equation  57  i ••  modified  by  substituting  ASCaJ  = ASC^J  g representing 
an  angle  Sensing  Crystal  (ASC)  rotation  of  0 degrees. 


(67) 

| ASCaj  ^ 

T(-20)  J 

|ASCa]  | T(20) 

1 

(68) 

[ASCa], 

= 

1 

0 

0 

0 

0 

C20+S20  Ccc 

C20S20^1_Ca^ 

_s20Sa 

0 

C20S20(”’Ca) 

o2  _2  „ 

b20+c20t'ff 

c20sa 

0 

+S20Sa 

-C20S« 

Ca 

The  error  related  to  this  term  is; 

(69)  Eg  = 60  jArc  Sin  («-/3)  1 - Arc  Sin  (a-/3)  j Arcseconds 
where:  Sin  k(a-/i)  ' ~ Sin  k(a-/3)  - Cos  k/3  Sin  kajl-Cos  2(0R-8R)J 


For  values  of  0R  = 0.5°  and  5.0°; 

Condition  1 a = 0 0R  = 0° 

E»  =0  Since  Sin  k =0 
'fa 

When  a = 0 the  circular  polarized  light  from  the  transmitter  is  not 
affected  by  the  azimuth  orientation  of  the  transmitter  ASC. 

Condition  2 a = 0 0R  = +1° 

Same  as  Condition  1 

Condition  3 


Data  illustrated  in  figure  E-10  and  related  comments  apply  to  this  case 
when  -0R  is  substituted  for  0R. 
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4.2.4  Receiver  Angle  Sensing  Crystal  Misalignment 

Equation  57  is  modified  by  substituting  ASC 
an  angle  sensing  crystal  (ASC)  rotation  of  (J  degree 

(70)  [ ASCp  j p = |T(-2 <?)]  [ASCp]  |t(20)  ] 


(71) 


ASCf 


pa 


C2Q+S29C(3 


C2QfS 

-S20^g 


C20S20(1_C/^ 

S2d4C2a(58 

c2  0s/3 


The  error  related  to  this  term  is; 

(72)  E^  = 60  j Arc  Sin-k  (&-/3)  1 - Arc  Sin  k(a-/3)  | Arcseccnds 

where : Sin  k(a-j8) 1 = 

Sin  ka  (Cos  20R  Sin  20R  Sin  28R  - Cos  28R  Cos2  20R)  (1-Cos  k/3)  + 
Cos  28r  Sin  ka  - Cos  20R  Cos  ka  Sin  k/3 


For  values  of  0R  = 0.5°  and  5.0°; 
Condition  1 « = 0 

Sin  k(a-/3)  ' = -Cos  20R  Sin  k /? 


eR  = o 


The  indicated  error  over  the  range  of  (a-/ 3)  = +1800”  is  illustrated  in 
figure  E-13  for  values  of  {fR  = 0.5°  and  5.0°. 


Condition  2 ot-  0 


®R  ■ ±10 


Sin  k (a-/3)  * = -Cos  2(?R  Sin  k 


Same  as  Condition  1. 
Condition  3 a=  +1800" 


9r  - i1 


The  indicated  error  over  the  range  of  («-/3)  = +1800"  is  illustrated  and 
compared  with  Conditions  1 and  2 in  figure  E-13  for  values  of  = 0.5° 
and  5.0°. 
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4.2.5  Receiver  Wollaston  Misalignment 

Equation  57  is  modified  by  inserting  the  rotation  matrix  jT(.'9)I 
between  the  JwJ  and  (ASCgj  matrices  representing  a wollaston  msalignra 
of  0 degrees,  The  error  related  to  this  term  is, 

(73)  E0^  = 60  | Arc  Sin  (ar/3)  1 - Arc  Sin  («-j3)|  arcseconds 

where  Sin  k(a-f3)  ' - -Sin  ka  Sin  28R  Sin  20R 

+ Sin  ka  Cos  k (i  Cos  28R  Cos  20R  - Cos  ka  Sin  k/3  Cos  20R 

For  values  of  0R  = 0.5°  and  5.0°; 

Condition  i a = 0 0R  = 0 

Sin  k(a-/3)  • = - Cos  20_  Sin  kfi 


The  indicated  error  over  the  range  of  («-/3)  = +18CG"  is  illustrated 
in  figure  E-14  for  values  of  0R  = 0.5°  and  5.0°. 


Condition  2 «=  0 


eR  - ii° 


Sin  k (a-/3)  * ~ -Cos  20R  Sin  k/3 
Same  as  Condition  1. 

Condition  3 +1800"  0R  = +1' 

The  indicated  error  over  the  range  of  (a-/?)  = +1800"  is  illustrated 
and  compared  with  Conditions  1 and  2 .'o  figure  E-14  for  values  of 
0R  = 0.5°  and  5.0°.  The  0R  = -1°  curves  for  a = +1800"  are  not  shown 
because  they  are  within  1"  of  the  a = 0 curve. 

4.3  Summary 

Misalignment  of  the  polarized  optical  elements  will  introduce  offset  and 
scale  factor  errors  from  the  ideal  case.  he  type  of  errors  introduced  for  each 
condition  evaluated  are  summarized  in  Ta!  " E-4. 
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TABLE  E-4 


OPTICAL 

CONDITION  1 

ELEMENT 

1 

2 

3 

R20 

0 

0 

X 

Q 

X 

X 

A 

ASC« 

0 

0 

X 

ASCq, 

s 

S 

X 

w 

s 

S 

X 

S - scale  factor  type  error 
X - scale  factor  and  offset  type  error 
0 - no  error 


In  all  cases,  the  error  terms  vary  as  0R  and  a change  over  the 
rotation  and  translation  ranges  of  +1°  and  +1800"  respectively.  Therefore, 
misalignment  of  the  polarized  optical  elements  cannot  be  compensated  for  by 
calibration  and  must  be  ontrolled  during  assembly  of  the  optical  system. 
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1.0  S00PE 

This  specification  establishes  the  requirements  and  goals  for  advancing 
the  technology  of  an  Optical  Alignment  Measurement  Sensor  (OAMS) . 3oth  "require- 
ments" and  "goals"  are  contained  in  this  specification.  A requirement  must  be 
met  in  order  for  the  sensor  to  be  acceptable.  A goal  is  not  mandatory  but  would 
enhance  the  value  of  the  sensor  if  it  could  be  met.  This  method  of  specifying 
OAMS  parameters  is  consistent  with  the  intent  of  a program  to  advance  the  state- 
of-the-r  t of  optical  alignment  techniques. 


2.0  REQUIREMENTS 

2 . 1  Per  fo  rmance 

2.1.1  Functional  Characteristics 

The  OAMS  unit  is  a three-axis  angular  motion  sensing  device;  its 
electrical  output  is  a function  of  the  angular  deflection  between  a reference 
object  and  a remote  object  at  some  fixed  distance.  The  OAMS  shall  consist  of 
two  main  parts;  a transmitter  assembly  and  a target  assembly;  more  than  one 
target  assembly  may  be  employed.  The  main  electronics,  which  interface  with 
other  on-board  vehicle  components,  may  be  integral  to  the  transmitter,  or  may 
be  in  a separate  assembly  for  thermal  and  electrical  isolation. 

The  design  of  the  OAMS  shall  be  such  that  it  senses  relative  angular 
motion  (in  3 degrees  of  rotational  freedom)  by  optical  means.  Means  shall  be 
provided  for  readily  adjusting  the  OAMS  mountings  mechanically  to  achieve  an 
initial  three-angle  system  null;  this  provision  compensates  for  mounting  struct- 
ure misalignment.  Optical  surfaces  shall  be  provided  on  the  target  assembly 
for  externally  monicoring  the  angular  deflection  of  the  assembly. 

2. 1.1.1  Primary  Performance  Characteristics 

2.1. 1.1.1  Measurement  Range 

As  a requirement  the  OAMS  shall  have  a minimum  range  of  30  arc  minutes 
for  each  of  three  rotational  degrees  of  freeuor.i  «x,  9y,  9Z,  as  defined  in  Figure 
1.  As  goal,  a measurement  range  of  1 degree  or  more  lor  each  axis  is  desired. 

2. 1.1. 1.2  Calibration 

As  a goal  the  output  signal  of  each  measurement  channel  shall  be  suf- 
ficiently linear  with  deflection  that  a calibration  curve  will  not  be  required. 
If  calibration  curves  are  required,  each  curve  shall  be  defined  by  a polynomial 
that  expresses  the  output  voltage  as  a function  of  angular  deflection  only.  As 
a requirement,  each  polynomial  shall  have  not  more  than  10  terms. 
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2. 1.1. 1.3  Accuracy 

Specifications  are  given  for  allowable  systematic  and  dynamic  errors. 
Systematic  errors  are  those  associated  with  maintaining  mounting  alignment,  cal- 
ibration and  the  stability  of  OAMS  output.  Dynamic  errors  are  associated  with 
the  ra*?'m  variation  of  the  output  due  to  noise  within  the  required  system  band- 
width 

2. 1.1. 1.3.1  Systematic  Errors 


As  a goal  the  sum  of  all  systematic  errors  (mo unting  alignment,  cali- 
bration, thermal  stability  and  aging)  shall  be  less  than  1 arc  second  (probability  = 
0.95,  confidence  level  = 0.95).  As  a requirement  the  error  shall  be  lees  than 
5 arc  seconds  (probability  = 0.95,  confidence  level  ■ 0.95). 

2. 1.1. 1.3. 2 Dynamic  Error 

The  dynamic  error  is  stated  in  terms  of  the  noise  equivalent  angle  (NEA) . 
The  NEA  is  the  rms  output  noise,  within  the  system  bandwidth,  referenced  to  the 
input  of  the  OAMS. 

In  each  of  the  3 axes,  the  NEA,  as  a goal,  shall  be  less  than  1 arc 
second  over  the  entire  measurement  range.  As  a requirement,  the  NEA  shall  be 
less  than  5 arc  seconds  over  the  entire  measurement  range. 

2. 1.1. 1.4  Output  Signals 

Each  axis  of  the  OAMS  shall  provide  a bipolar  analog  readout  signal  that 
indicates  the  direction  and  magnitude  of  the  angular  deflection.  The  nominal  out- 
put scale  factor  shall  be  less  than  IV  + 5 percent /arc  min  into  a 5-kohm  load. 

2. 1.1. 1.5  Saturation  Characteristics 

For  angular  deflections  greater  than  full  scale,  the  OAMS  shall  provide 
a constant  full  scale  output.  Should  this  condition  occur,  the  unit  shall  perform 
within  the  requirements  of  this  specification  within  4 sec  after  termination  of 
such  condition. 

2. 1.1. 1.6  Response  Time 

The  response  time  (defined  as  the  time  to  change  from  10  to  90  pt  rcent 
of  final  value)  of  the  OAMS  output  to  a half- scale  step  angular  deflection,  in 
any  axis,  shall  be  less  than  0.045  sec.  In  addition,  the  response  to  a 10  H2 
sinusoidal  angular  deflection  input  shall  be  down  by  less  than  3 db  from  the 
response  to  a 0.1  Hz  input. 

2. 1.1. 1.7  Operating  Distance 

As  a goal,  the  OAMS  shall  be  designed  to  operate  at  any  selected  separa- 
tion distance  up  to  50  feet.  As  a requirement  the  O&iS  shall  be  designed  to  operate 
at  any  selected  separation  distance  up  to  25  feet.  Output  signal  calibration 
curves  shall  not  be  a function  of  separation  distance. 


' ^^‘V3^*:ri5vfc'T 


» 


2. 1.1. 1.8  Temperature  Range 

The  OAMS  shall  meet  the  performance  requirements  specified  herein 
over  a temperature  range  of  0 degrees  - 140  degrees  F. 

2. 1.1. 1.9  Power  Requirements 

2. 1.1. 1.9.1  Input  Power 

The  OAMS  shall  meet  the  performance  requirements  specified  herein 
when  supplied  with  nominal  28  vdc  unregulated  power  from  a two-wire,  negative- 
grounded  power  system  having  the  characteristics  described  in  Paragraph  2.2.2. 

2. 1.1. 1.9. 2 Power  Consumption 

The  maximum  power  required  by  the  OAMS  shall  be  20  w. 

2. 1.1. 1.9. 3 Abnormal  Input  Power 

The  OAMS  shall  not  be  damaged  when  subjected  to  input  of  from  0 to 
24.0  vdc  for  periods  of  any  duration. 

2. 1.1. 1.9. 4 Polarity  Reversal 

The  OAMS  shall  not  be  damaged  when  subjected  to  normal  electrical 
voltage  of  reversed  polarity. 

2.2  retailed  Interface  Definition 

2.2.1  Mechanical  Interface 

2. 2. 1.1  Transmitter  Mounting 

The  transmitter  assembly  shall  be  hard  mounted  to  the  reference  structure. 

2. 2. 1.2  Target  Mounting 

The  target  assembly  shall  be  hard  mounted  to  the  structure  to  be  monitored. 
However,  the  reature  of  che  mounting  shall  provide  for  fine  adjustments  of  mounting 
alignment  in  order  to  achieve  an  initial  three- angle  system  null. 

2. 2. 1.3  Mounting- Relationship 

The  geometrical  relationship  between  the  reference  and  remote  monitored 
structures  is  shown  in  Figure  1.  The  figure  also  shows  the  3 rotational  degrees 
of  freedom  (roll,  pitch  and  yaw),  and  defines  them  as  the  angular  deflections 
0X,  9y.  0Z,  respectively.  Rotational  and  translational  motions  of  the  units  are 
defined  as  follows: 

2. 2. 1.3.1  The  transmitter  is  fixed  within  the  reference  system. 

2. 2. 1.3. 2 The  operating  distance  between  the  target  and  transmitter 
shall  be  as  defined  in  paragraph  2. 1.1. 1.7. 
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2.2. 1.3.3  Maximum  operational  motions  of  the  target  are: 
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TRANSLATION  TRANSLATION 


Goal 

Requirement 

Goal 

Requirement 

z 

+5.0  in 

+1.0  in 

z 

>60 

arc  min 

+30  arc  min 

y 

+2.5  in 

+0 . 5 in 

y 

>60 

arc  min 

+30  arc  min 

X 

+2.5  in 

+0.5  in 

X 

>00 

arc  min 

+30  arc  min 

2.2.2  Functional  Interface 
2. 2. 2.1  Input  Power 

The  input  power  to  the  OAMS  shall  have  che  following  characteristics: 


2. 2. 2. 1.1 


2. 2. 2. 1.2 


2. 2. 2. 1.3 


2. 2. 2. 1.4 


2. 2. 2. 1.5 


+56v  peak 

1 sec  rise  time,  5 


Source  Impedance  - 0.5  ohm,  maximum 
Source  Inductance  - 2 microhenries,  maximum 
Input  Voluage  - 24.0  to  33.0  vuc 

Ripple  Voltage  - 0.75v  maximum,  rms,  from  1 Hz  to  15  kHz 
Voltage  Transients 

superimposed  on  the  nominal  input  voltage,  10  sec  duration 
pps. 
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2. 2.2.2  Output  Signals 

The  OAMS  shall  provide  a bipolar  output  readout  signal  for  each  axis 
of  the  OAMS. 


2.2.3  Optical  Interface 

Optically  flat  alignment  surfaces  of  1-in-di ameter  minimum  clear  aper- 
ture shall  be  provided  on  the  target  assembly  for  external  monitoring  angular 
deflection.  These  surfaces  shall  be  parallel  to  the  target  axis  planes  to  within 
1 arc  min,  and  orthogonal  to  each  other  to  within  1 arc  min. 

2.3  General  Design  Features 

2.3.1  Volume 

2. .1.1.1  The  overal1  volume  of  the.  target  assembly  shall  not  exceed 
50  cu  in  as  s goal;  as  a requirement  it  shall  not  exceed  150  cu  in. 

2. 3. 1.2  The  overall  'olume  of  the  transmitter  shall  not  exceed  200 
cu  in  as  a goal;  as  a requirement  if  shall  not  exceed  600  cu  in. 

2.3.2  Weight 

2. 3. 2.1  Tne  Transmitter  Assembly,  including  electronics,  shall  not 
exceed  20  lbs  > goal;  as  a requirement,  the  weight  shall  not  exceed  45  lbs. 
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| 2. 3. 2. 2 The  Target  Assembly  shall  not  exceed  3 lbs  as  a goal;  as  a 

l requirement  it  shall  not  exceed  9 lbs.  » 

| 2.3.3  Multiple  Targets 

f As  a goal,  the  OAMS  shall  have  the  capability  to  monitor  the  angular 

l motions  of  up  to  8 equally  spaced  (angularly)  target  assemblies  with  the  same 

| capabilities  specified  for  monitoring  of  a single  target. 

I 

i 2.3.4  Structure  Design 


i 


The  OAMS  shall  be  designed  with  strength  adequate  to  withstand  the 
handling,  transportation,  and  environmental  stresses  -.t  may  be  expected  to 
encounter.  The  structure  shall  possess  sufficient  : .gidity  and  stiffness  to 
maintain  proper  mechanical  and  optical  alignment  in  relation  to  its  mounting 
planes. 

2.3.5  Nuclear  Survivability 

The  OAMS  overall  design  and  major  components  shall  be  able  to  survive 
in  a hostile  nuclear  space  environment  according  to  specifications  defined  in 
the  JCS  Guidelines  and  SAMSO  Exhibit  69-13. 
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